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Abstract: ESS2 (ess-2 splicing factor homolog, also known as DGCR14 or DGS-I) is a
member of the deletion gene cluster in the 22q11.2 deletion syndrome (22q11.2DS, also
known as DiGeorge syndrome or CATCH 22 syndrome). The ESS2 gene is not part of
a gene family, and the coded protein has a coiled-coil structure (Es domain), which is
conserved from yeast to humans. Recent studies have shown that ESS2 is involved in
splicing C and C* complex, but other interactants, such as transcription factors and Ul
snRNPD, are also reported. Although the molecular mechanism is still under investigation,
ESS2 plays a pivotal role in cell differentiation and proliferation. ESS2 knockout mice
show embryonic lethal in the early stage, and recent studies show the association of ESS2
with cancer, autoimmune disease, and neurodevelopmental disorders. ESS2 can regulate
mRNA splicing and transcriptional activity through interactions with other proteins, and
ESS2-dependent gene expression regulation seems to be cell type-selective. In this review,
we summarized the cloning history and functions of ESS2, including recent findings.

Keywords: transcription factor; transcriptional coregulator; spliceosome complex;

22q11.2DS; cancer; cell differentiation and proliferation; immune system; neuron

1. Cloning of ESS2 and Its Structure
1.1. Cloning of ESS2 (DGCR14)

In humans, the ESS2 gene was first cloned as an expression sequence tag located
in the 22q11.2 locus, which is related to the 22q11.2 deletion syndrome (22q11.2DS; also
known as DiGeorge syndrome or CATCH 22 syndrome) by two groups independently [1,2].
22q11.2DS is a disorder caused by a small deletion located near the middle of chromosome
22, specifically designated q11.2 [3-5]. Common signs and symptoms of this syndrome
include heart abnormalities, cleft palate, distinctive facial features, and schizophrenia. In
addition, 22q11.2DS patients are often immunodeficient and experience recurrent infections,
and some patients develop autoimmune disorders, including rheumatoid arthritis and
Graves’ disease [6].
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After defining the DiGeorge syndrome critical region using FISH [7] and isolating the
region as cosmid and YAC clones, researchers performed cDNA cloning from this region
and identified ESS2 as one of the cDNA clones. Baldini’s group, for instance, identified
six cDNA clones from the 22q11.2 cosmid and named these cDNAs Expressed Sequences
(ES)1, ES2, ES3, ES4, ES5, and ES6 [2]. Among them, ES2 was the cDNA corresponding
to DGCR14 and was finally named ESS2 (Ess-2 Splicing Factor Homolog). According to the
literature and information in GenBank, ES1 was IDD, ES3 was CLTCL, ES4, and ES5 were
fragments in the DGCR2 gene, and ES6 was TUPLE1. Budarf’s group identified at least 11
transcription units encoded in the minimum DiGeorge syndrome critical region (MDGCR),
and DGS-I (DiGeorge Syndrome Gene I) corresponded to ESS2 [1].

After the identification of ESS2 in humans, ESS2 homologs were cloned in Caenorhab-
ditis elegans (F42H10.7) [8] and Mus musculus [9]. From the beginning of cloning, tissue-
specific expression of ESS2 in humans was also confirmed by Northern blotting [2]. The
major transcript of ESS2 was estimated to be approximately 7 kb, and an approximately
2 kb band was present in every tissue tested, which suggested alternative splicing. North-
ern blotting of ESS2 in human fetal tissues (brain, lung, liver, and kidney) showed a 2 kb
band in all four tissues tested, but no 7 kb band was detected. Other groups also examined
Northern blots and showed that a 5.2 kb fragment was only observed in heart and muscle
tissues, and a 1.7 kb transcript almost uniformly appeared [1,9]. In mice, two ESS2 tran-
scripts of ~2 and ~3 kb were identified in early embryogenesis (E7, E11, E15, and E17) [10].
In adult mice, ESS2 was expressed in all tissues tested (heart, brain, spleen, lung, liver,
skeletal muscle, kidney, and testis) and was highest in the testis and the brain. The two ESS2
transcripts’ expression levels varied among the tissues and also within the same tissue [10].
These data may indicate the existence of tissue-dependent ESS2 splicing variants, but there
are no future studies about these variants. No ncRNAs derived from the ESS2 locus have
been reported.

Although ESS2 cDNAs have been cloned in various species since then, none of them
belong to a gene family, and only one gene exists in each species. Most of the human
22q11.2 deletion region was conserved in the mouse 16qA3 region, but in zebrafish, fruit
flies, and nematodes, each gene was located on a different chromosome [11]. The number
of amino acids coded for by the ESS2 cDNAs ranged from 384 (Schizosaccharomyces pombe)
to 631 (Tyrophagus putrescentiae), although most species coded for about 470-500 amino
acids. All ESS2 gene products had unique Es domains consisting of coiled-coil domains for
interacting with other proteins, as mentioned in this review (Figure 1A-C).

Furthermore, there were several genes containing Es domains identified from
databases. In Mycoemilia scoparia, an ATP-dependent 3'-5' DNA helicase contained an
Es2 domain (KAJ1920831.1). This Es domain had low homology (~30%) with other ESS2
homologs, including a hypothetical zinc-ring finger-containing protein (KAF9320509.1)
in Podila horticola. In Labeo rohita, 883 amino acids of STAM-binding protein-like A
were registered (KAI2659573.1), which included the USP8 dimerization domain and
MPN_AMSH_like domain, as well as the Es2 domain. However, this STAM-binding
protein-like A protein was missing a part of the Es domain (about 32 amino acids), and
ESS2 was also present (XP_050977276.1) with 93% homology in Labeo rohita. Genes with
this type of Es domain have not yet been found in other species.
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Figure 1. (A) ESS2 protein domain structures. We summarized the domains of ESS2 from references
corresponding to murine ESS2. * means the location of A'83 and *** means the location of 32! TWG323.
(B) Compare ESS2 between species described in this review. (C) Phylogenetic tree from DNA
sequences coding Es domain by using MEGA11 (https://www.megasoftware.net/ accessed on 5
April 2025).

1.2. ESS2 Interactants

ESS2 has also been identified by several proteome projects. In splicing complex
purification and proteome analysis, ESS2 has been identified as a peripheral factor of the C
complex in Drosophila [12] and humans [13,14]. Recent studies showed that spliceosome
complexes included numerous proteins referred to as peripheral factors, in addition to the
core complex components [15].

ESS2 is also involved in spliceosome activation during step 2 of splicing (C* com-
plex) [16]. Pre-mRNA splicing involves two sequential reactions: branching and exon
ligation. The C complex undergoes branching, and the C* complex executes exon ligation
by catalyzing the 3'-OH group of the 5" exon, which then attaches to the 3’ splice site [17].
In addition to ESS2, FAM32A [18], SDE2, CACTIN, PRKRIP1, NKAP, TLS1, CXORF56,
FAMS50A, PPIL3, PPIG, NOSIP, GPATCH]1 and the RNA helicases DDX41 and DHX35 were
also involved in the spliceosomal C* complex. From single-particle cryo-EM of the human
PMS5 C* complex, researchers determined that ESS2 was located near NOSIP. Furthermore,
two «-helical regions (amino acids 32 to 97 and 140 to 177) of ESS2 contacted the CDC5L
Myb domain. These two «-helical regions also interacted with the N-terminus of the long
a-helix of SKIP, which binded PRP22. Although ESS2-dependent regulation of splicing
fidelity and exon selectivity have been reported in some conditions [19-22], the molecular
mechanism of ESS2 during the splicing process is still under investigation.

In addition, interactions between transcription factors and ESS2 have been reported.
In MYC, an interactome by IP-MS using MYC homology boxes (MBs) showed multiple
interactants, including ESS2 [23]. The SP7 transcriptional factor, which belongs to the
Sp family of zinc-finger transcription factors, also identified ESS2 from IP-MS data [24].
We also identified ESS2 as a nuclear receptor for retinoic acid-related orphan receptor-
gamma/gammat (RORy/yt) interactants in a T cell-like cell line (68-41 cells) using affinity
purification of RORy and mass spectrometry [25]. Interestingly, ESS2 also interacted with
NR4A1 from IP-MS data [26], which belongs to the nuclear receptor superfamily [27,28].
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FRA10AC1

Finally, another nuclear receptor, TR2 (NR2C1), also shows the interaction with ESS2 by
IP-MS data [29].

These results show that ESS2 can be associated with RNA processing complexes and
transcriptional factors. Other interactome results are shown, such as those in the NIH
database (https://www.ncbinlm.nih.gov/gene/8220 accessed on 3 July 2023). In the
STRING interaction network (https://string-db.org/ accessed on 12 April 2025), ESS2
interactants are different from species (Figure 2). It is interesting to note that most of the
interacting factors in yeast are splicing-related factors, whereas interactions with transcrip-
tion factors (Sox2, ESr1) and polycomb factors involved in gene silencing (Suz12) are also
observed in mammals. These data suggest that the ESS2 gene may have acquired diverged
functions during the evolution.
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Figure 2. ESS2 interactome from STRING interaction network.

1.3. Mutations of ESS2 and Disease

The association between ESS2 gene mutants and disease has been reported. One
SNP in ESS2 (rs62223875), which is the missense mutation A179T (A183 in mice), was
identified as a suicide-associated gene [30], although the functional changes caused by this
mutation were unclear. In some cases, promoter mutations of the ESS2 gene caused different
transcriptional activities. Haplotype promoter activity was measured using a transfection
luciferase reporter assay in HEK293T (human embryonic kidney) and TE671 (human
rhabdomyosarcoma) cells [31]. In HEK293T cells, either the g.2284475C4T polymorphism
or g.2284644G4A (or both combined) affected transcription two-fold. In TE671 cells, either
8.2284535C4T or g.2284530A4T (or both combined) affected transcription two-fold. These
results showed the cell dependent-promoter activity of ESS2 and the possibility for different
expression systems among cell types.

Mutations in the ESS2 promoter region have also been reported to be associated with
schizophrenia [32]. These results showed significant evidence for preferential transmission
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of the promoter variants of ESS2 (rs1936950 (A>T) and 151936951 (G>A)) in schizophrenic
males. The presence of mutations at multiple sites suggested that changes in mRNA
expression were due to altered transcription factor binding, but the details were unclear.

A study of genetic defects in Korean patients with aortic dissection (AD) showed
a significant decrease in ESS2 mRNA [33]. Since 22q11.2 deficiency also causes cardiac
abnormalities, it was unclear whether this result was due to a defect in the entire 22q11.2
region or in ESS2 alone. Specifically, this could be the result of a deletion or mutation of the
entire 22q11.2 region or a single ESS2 mutation.

Overall, these studies demonstrate the possibility for ESS2 to become a new therapeutic
target for related diseases.

2. Function of ESS2

Although ESS2 was discovered about 30 years ago, its molecular mechanism is still
under investigation. Its nuclear localization [10] and the early lethality of systemic ESS2
mutant mice [34] show its importance in nuclear events such as transcription and splicing,
but the precise cause of lethality is still unknown. However, ESS2 has been isolated and its
mutants have been generated in several model organisms, and some aspects of its function
have been elucidated. ESS2 target genes and the molecular mechanism of ESS2-dependent
lethality are still under investigation.

2.1. ESS2 Function in Yeast

The yeast ESS2 homolog has been identified as an interactant of ISH1 (induced sta-
tionary phase protein), which is the nuclear envelope protein, and is named BIS1 (binds to
Ish1). Overexpression of BIS1 causes a cell elongation phenotype, and BISI-deficient strains
have reduced viability [35]. BIS1 has also been shown to change localization during the
cell cycle, localizing to the nucleus and the mitotic spindle microtubules and associating
with the nuclear envelope. As shown in two-hybrid experiments, BIS1 interacted with
some proteins, such as arginine methyltransferases (PRMT5), splicing subunits, and nuclear
envelope factors. PRMT5 has been reported to be involved in T cell development [36] and
cancer proliferation [37] in mammals. Although the homology between BIS1 and ESS2 is
not high, testing the interactions between ESS2 and mammalian homologous genes will be
an interesting avenue for future research.

2.2. ESS2-Dependent Splicing Regulation in Arabidopsis

ESS2 has been isolated in one of the Pre-mRNA Splicing Mutants Screenings in
Arabidopsis thaliana [21]. Researchers developed a novel splicing-dependent GFP reporter
system in Arabidopsis to carry out this forward genetic screen. In this system, an intron-
containing GFP reporter gene present in a wild-type “Target” (WT T) line exhibited variable
levels of GFP expression depending on the splicing pattern of its pre-mRNA. By screening
for changes in GFP fluorescence in seedlings derived from chemically mutagenized seed,
they retrieved nine hgf (Hyper GFP) mutants and seven gfw (GFP weak) mutants. Among
these mutants, dgcr14-1 (Q80%) and dgcr14-2 (W365*) have been identified as hgf mutants.
They showed that these mutations promoted splicing efficiency but had no effect on
Arabidopsis growth. Since Q80* contains few or no Es domains, it appeared that Arabidopsis
development was possible with only the N-terminus of ESS2. However, it was not clear
whether Arabidopsis could develop without ESS2. This work suggested that the presence of
a splicing complex interaction region at the C-terminus contained W365. Thus, dgcr14-2
(W365%) mutants may prevent interactions with the splicing complex.

Recent studies showed the importance of ESS2 in NaCl stress-dependent splicing in
Arabidopsis thaliana [22]. Researchers generated Arabidopsis with a mutant ESS2 homolog
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gene (AtDGCR14L; Arabidopsis thaliana DiGeorge Syndrome critical region 14-like) and gen-
erated overexpressed AtDGCR14L in this mutant. Interestingly, when raised with 200 mM
NaCl, the AtDGCR14L mutant showed significantly reduced viability, and overexpressed
AtDGCR14L rescued this lethal phenotype. Endogenous AtDGCR14L is expressed in the
early phases of NaCl stress and regulates the gene expression of numerous genes. They
performed RNA-seq and investigated the salt-stress dependent genome-wide pre-mRNA
splicing events. In the AtDGCRI4L mutant, they identified 684 differential alternative
splicing (DAS) events in 552 unique genes before salt-stress treatment and 838 DAS events
in 699 unique genes after salt-stress treatment. In contrast, AtDGCR14L overexpression only
had 147 DAS events in 126 unique genes before salt-stress treatment, and 114 DAS events
in 96 unique genes after salt-stress treatment were identified. These results clearly show the
importance of ESS2 in pre-mRNA splicing events. Particularly, they found AtDGCR14L-
dependent splicing defects in the SWI3A gene, one of the key factors for SWI/SNF chro-
matin remodeling in Arabidopsis thaliana [38]. Furthermore, they identified a TWG motif
based on amino acid sequence homology of ESS2 with other species. This sequence was
included within the IDR (intrinsically disordered regions) of the C-terminus in ESS2, but
overexpression of this sequence variant did not rescue the AtDGCR14L mutant phenotype.
In mammalian, several reports show the stress-inducible splicing alteration [39,40]. Because
ESS2 localization in the nucleus is similar to TDP-43 [40,41], the relationship between ESS2
and TDP-43 in mammalian splicing will be a subject for future study.

2.3. ESS2-Dependent Mutated mRNA Splicing Regulation in C. elegans

In C. elegans, ESS2 was identified as a dlk-1 splice acceptor mutation and suppressor of
rpm-1, which belongs to the ubiquitin E3 ligase family and is involved in axon patterning
and synaptic development [19]. In C. elegans, mutations in rpm-1 caused axon overgrowth
and abnormal presynaptic morphology without major behavioral defects. However, when
combined with mutations in presynaptic assembly factors syd-1 or syd-2, the result was
severe locomotor deficits and impaired synapse formation. Researchers screened rpm-1
suppressor genes and identified the DLK-1 MAP kinase pathway as a negative regulator of
RPM-1. DLK-1 is a MAPKKK activating pathway that includes mkk-4 (MAPKK), pmk-3
(MAPK), and mak-2 (MAPK-activated kinase). This pathway activates the transcription
factor CEBP1 and regulates synaptogenesis and axon morphogenesis. RPM-1 ubiquitinates
and degrades DLK-1 proteins and represses the DLK-1 pathway [42]. When the DLK-1
gene is mutated in the splice acceptor site, ESS2 deficiency leads to significantly reduced
mRNA expression levels of the DLK-1 gene. This result may suggest that ESS2 excludes
mutated splicing when in normal conditions. This study provides novel insights into how
the PHR family regulates synaptogenesis and mRNA splicing in a context-specific manner.
Furthermore, ESS2 interacting factors in C. elegans are published in STRING (string-db.org
accessed on 12 April 2025), including splicing complex components such as prp-17 and

prp-31.

2.4. ESS2 Function in Drosophila

In other studies, which used RNAIi screens to identify regulators of Drosophila
melanogaster fat cells, ESS2 has been reported as a gene that reduced fat cells, and is
therefore considered a lean gene [43]. Fat cells are a cell type contained within the fat body
and are responsible for the regulation of lipid metabolism in insects. The transcription fac-
tors that regulate lipid metabolism also have many mammalian homologs, such as SREBP
and FOXO [44]. The phenomenon in Drosophila fat cells is interesting because ESS2 has not
been shown to play a role in lipid metabolism in mammals. Because ESS2 has also been
identified in the purification of the spliceosomal C complex in Drosophila [12], functional
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similarities in ESS2 between vertebrates and invertebrates were expected, although the
analysis is still in progress. Further analysis, including on the transcriptional regulation by
ESS2, is warranted.

2.5. ESS2 Function in Mammals
2.5.1. ESS2 Function in Neurons

Abnormalities such as mental retardation are common in DiGeorge’s syndrome. ESS2
has also been reported to function in the nervous system, including SNPs that have been
associated with suicide [30] and schizophrenia [32], as mentioned in 1.3.

It has also been reported that the ESS2-dependent induction of protein kinase-R-like
Endoplasmic Reticulum Kinase (PERK) mRNA expression in dopaminergic neurons differs
in 22q11.2DS patients’ iPS cells [45]. Arioka et al. (2021) conducted a semiquantitative pro-
teomic analysis in differentiated neurons in both control and 22q11.DS patients’ derived iPS
cells. They identified 272 differentially expressed proteins. Furthermore, KEGG pathway
analysis revealed that the most altered pathway in the 22DS group was ‘Protein processing
in ER’, which is responsible for the ER stress response and protein quality control. PERK is
an ER stress regulator and exhibits lower expression in neurons from 22q11.2DS patients’
iPS cells. They found that ESS2 RNAi significantly reduced PERK protein levels, although
whether ESS2 regulates the transcription or splicing expression of PERK mRNA is unclear.
Regardless, these results show the importance of ESS2 in ER stress.

In addition, a recent AAV-based CRISPR gRNA screening of 22qDS11.2-related genes
in neurons showed that ESS2 acted as a transcriptional regulator in interneurons, superficial-
layer neurons, and deep-layer neurons [46]. AAV screening of the genes in the 22q11.2DS
deletion region led to the isolation of ESS2 (Dgcr14) as an important factor for transcrip-
tional regulation along with Dgcr8, Gnb1l, and Ufd1l. It has also been demonstrated to
regulate gene expression differently from the other three factors, particularly in the regula-
tion of transcription in interneurons. Among genes related to ESS2-dependent regulation
of splicing, the researchers found constituents of the serine and arginine protein family
(Srrm2, Srsfl, Srsf2, Srsfb, Srsf6, and Srsfl1) that are essential for spliceosome assembly;,
as well as constituents of the heterogeneous nuclear ribonucleoproteins family (Hnrnph3,
Hnrnpm, and Hnrnpu) that are involved in pre-mRNA processing, mRNA transport, and
metabolism. Furthermore, an analysis of the upregulated genetic program showed disrup-
tion of chromatin binding and organization, which included dysregulation of genes from
the chromodomain-helicase-DNA-binding family (Chd1, Chd3, Chd6, and Chd§), topoiso-
merases (Topl and Top2b), and Setd5, a gene that regulates chromatin structures to control
RNA elongation and splicing.

Interestingly, some studies showed that ESS2 is associated with FRA10AC1, one of
the spliceosomal C complex peripheral factors [13,47]. This interaction is confirmed by
immunoprecipitation assay. Biallelic FRAT0ACI variants cause a disorder with devel-
opmental delay and intellectual disability [48]. The C-terminus of ESS2 (294-390 amino
acids) interacts with the central domain of FRA10AC1 (96-253 amino acids) [48,49]. In
the unicellular green alga Chlamydomonas reinhardtii, FRA10ACI and ESS2 mutations af-
fect the splicing of intraflagellar transport (IFT) genes [20]. IFT is an essential process in
all organisms that serves to move proteins along flagella or cilia in either direction [50].
Lin et al. (2018) found splice site mutations in two IFT genes, IFT81 (fla9) and IFT121 (ift121-
2), which led to flagellar assembly defects in C. reinhardtii. They showed that an ESS2 (dgr14)
deletion mutant suppressed the 3’ splice site mutation in IFT81, and a frameshift mutant of
FRA10 suppressed the 5’ splice site mutation in IFT121. Moreover, double mutants of ESS2
and FRA10 suppressed both splice site mutations (IFT81 and IFT121) [20]. These studies
indicate the important role of ESS2-mediated splicing regulation in the nervous system.
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Elucidating the function of ESS2 in neuronal differentiation and homeostasis remains a
challenge for the future.

2.5.2. ESS2 Function in T Cells

Defects of the immune system are a key feature of DiGeorge syndrome. There is
also a loss of T cells with thymic defects, with 75-80% of infants with 22q11DS showing
T cell depletion. Recent studies showed that LXR/RXR target genes were defective in
22q11DS patients’ T cells [51]. In T cells, ESS2 interacts with the RORy [25], which is a
master regulator for TH17 cell differentiation, expresses inflammatory cytokine IL-17, and
is also involved in naive T cell maintenance [52]. The ROR-alpha, -beta, and -gamma were
named based on their high sequence homology to RAR. RORs have prominent roles in
regulating circadian rhythm, immune function, and neuronal development [53]. Given
their central role in pathogenic TH17 cell development and function [54], and because of
encouraging data from preclinical testing of ligands, the RORs have emerged as drug target
candidates for the treatment of various autoimmune diseases, including MS, rheumatoid
arthritis, and psoriasis [26]. We found that ESS2 associates with RORs by IP-MS and
Immunoprecipitation-Western Blot experiments [25,41]. Interestingly, wild type (1-480 aa)
and the C-terminal deletion mutant of ESS2 (1-400 aa) enhanced the transcriptional activity
of RORyt, but the N-terminal deletion mutant of ESS2 (101480 aa) did not [25]. Moreover,
ESS2 associates with RORyt in the N-terminal region (1-200aa) [41]. These results show
the ESS2-dependent transcriptional activation does not require spliceosome association. By
overexpressing ESS2-Flag protein in 68-41 cells, we previously identified ESS2-interacting
proteins, including chromatin remodeling factor BAZ1B (bromodomain adjacent to the zinc
finger domain 1B) and serine/threonine protein kinase RSK2 (ribosomal S6 kinase 2). RSK2
is a member of the RSK family, which is phosphorylated and activated by ERK1/2 [55].
Interestingly, the pan RSK inhibitor BI-D1870 reduced IL-17A expression in primary TH17
cells [25]. BI-D1870 also showed significant inhibition in EAE model mice, in addition to
suppressing TH17 cells [56]. These results indicate that RSK inhibitors may be a new target
in the treatment of autoimmune diseases.

Furthermore, we generated CD4+ T cell-specific ESS2 gene knockout (Ess23CD4/ACD4)
mice using CD4-Cre mice and found that the number of naive T cells decreased in

Ess2ACD4/ACD4 Ess2ACD4/ACDA 1506 showed decreased NKT cells

mice [57]. Interestingly,
and increased y0T cells in the thymus and spleen. We performed RNA-seq to investigate
the molecular mechanisms underlying the disruption of naive T cell maintenance with no
abnormalities in cell number and found that the expression pattern of CD4+ T cells in the
thymus was altered. Particularly, we found that ESS2 enhanced mRNA expression levels of
Myc target genes such as LDHA and Ribosomal proteins in CD4+ T cells. The interaction be-
tween ESS2 and Myc has been reported by IP-MS [23], and we also confirmed the ESS2-Myc
interaction by fluorescence immunostaining and the ESS2-dependent enhancement of Myc
transcriptional activities by luciferase reporter assay. Thus, the ESS2 gene is responsible for
altering the mRNA expression of an important gene cluster during T-cell differentiation. We
searched for genes with altered splicing from RNA-seq data of CD4+ T cells from control
and Ess22CP4/ACD4 mjce but did not find any genes with significant differences.

Other groups showed the binding of ESS2 to the 3" UTR of IFNG and TNF genes
in activated human primary T cells but not to the IL2 3" UTR [58]. IFNG and TNF are
important cytokines for T cell activation. Thus, these studies also indicate the importance

of ESS2 to gene regulation in T cells.
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2.5.3. ESS2 Regulates the NF-«kB/CHD1 Pathway in Prostate Cancer

A recent study reported that ESS2 regulated prostate cancer proliferation primarily
through the NF-kB/CHD1 pathway and that ESS2 knockdown lowered histone H3K36
trimethylation levels on the target gene promoters in castration-resistant prostate cancer
(CRPC) cells [59]. ESS2 tends to be highly expressed in prostate cancer patients, and expres-
sion levels of some ESS2 target genes, such as LIF, WNT5A, and TGFB1, were significantly
correlated with ESS2 levels in prostate cancer patients. In PC3 cells, ESS2 knockdown
reduced tumor progression and mRNA expression levels of NF-xB/CHDI target genes
such as TNF and IL1B. Although the interaction between ESS2 and NF-kB/CHD1 has not
been confirmed, ESS2 knockdown reduced NF-«B/CHD1 recruitment on the TNF and
CCL2 promoters without reduction of NF-kB and CHD1 protein levels [59]. Moreover, ESS2
regulated VDR and PPARG expression, and their target genes were suppressed by ESS2
knockdown. These results are the first to demonstrate the importance of ESS2 in CRPC, but
there are still questions to be addressed. Firstly, it is not known which domains of ESS2 are
essential for cancer proliferation. Since the C-terminus is critical for interacting with the
spliceosome and the N-terminus and Es domain are associated with RORs (nuclear receptor
transcription factors) [41], some ESS2 deletion mutants may answer this question. Secondly,
the role of ESS2 in chromatin structure maintenance is still unclear. Since the genes targeted
by ESS2 in cancer cells and T cells are different, ESS2 must regulate transcription factors
in a cell-dependent manner. Interestingly, ESS2 has been shown to mediate interactions
between transcription factors and IncRNAs [41]; thus, this type of regulation may be critical
for ESS2 function. Considering the CRPC-specific IncRNAs that have been reported [60],
we examined ESS2-dependent NF-kB/IncRNA interactions, but ESS2 did not regulate
such interactions in CRPC. Moreover, ESS2 has been shown to regulate the association
of NF-kB and CHD1, which is a chromatin remodeling factor that plays a pivotal role
in CRPC [61]. Since ESS2 is also associated with another chromatin remodeling factor
(BAZ1B [25]), ESS2-mediated regulation in cancer seems to be complex and to involve
chromatin structure.

3. Discussion and Conclusions

In this review, we summarized the cloning of ESS2 and its functions in numerous
species, from yeast to humans, as shown in Table 1. As demonstrated by the reduced
viability in ESS2-deficient yeast [35] and the lethality at very early stages in ESS2 knockout
mice [34], ESS2 plays a pivotal role in cell maintenance. However, the exact molecular
mechanism of ESS2 deficiency-dependent lethality remains to be elucidated. Previous
studies showed that ESS2 interacted with numerous factors, such as transcription factors,
splicing factors, and chromatin remodeling factors. Furthermore, ESS2 target genes differ
among cell types, indicating that the ESS2-dependent gene expression regulation may be
cell type-selective. Such cell type selective function of ESS2 may be due to the different
expression of ESS2 interacting factors.
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Table 1. ESS2 functions, interacting proteins, and regulations.
. . Interacting Proteins,
Species Functions Regulatory Factors Ref.
Yeast ESS2 overexpression; Cell Interact with ISH1, PRMT5 [35]
elongation phenotype
ESS2 deficient; reduce viability
Green alga IFT mutation splicing regulation Regulate splicing with [20]
een alg ion splicing regulatio FRA10ACI
. . Mutnants (Q80* and W365%)

Arabidopsis defect Pre-mRNA splicing 211
Salt sress-dependent Regulate SWI3 [22]

mRNA splicing mRNA expression
C. elegans Neuron development [19]
Drosophila Fat cells regulation [43]

CD4+ naive T cell maintenance, Regulate r.nR.NA expression and
Mouse TH17 differentiation transcriptional activities of [25,57]

RORg/gt and Myc

Neuron Regulate mRNA expression [46]
Regulate such as

Human Prostate cancer proliferation NEF-kB/CHD1-dependent [59]

mRNA expression

Neuron Interact with FRA10AC1, [48,49]

mRNA and splicing regulation
Dopamin neuron differentiation

from iPS PERK protein expression [45]

Several studies showed that the C-terminal region of ESS2 is critical for interacting
with spliceosome complexes [22,41]. This region also showed a high IDR score, indicating
the absence of a defined 3D structure despite being an essential region for cellular processes,
ranging from transcriptional control and cell signaling to subcellular organization [62].
Future experiments are needed to prove that the C-terminus of ESS2 is an IDR, in accordance
with the Minimum Information About Disorder Experiments (MIADE) [63].

Recent work has introduced the concept of “nondomain biopolymers” to describe
proteins that lack classical folded domains yet orchestrate vital functions [64]. IDRs in
splicing-associated factors—including ESS2 and Fam32a [18]—exemplify how these flexible
segments enable the multivalent, transient interactions essential for the dynamic assembly
and rearrangement of spliceosomal components. It will be important to clarify how such
“nondomain biopolymers” regulate molecular condensates and other macromolecular
complexes, such as spliceosomes, possibly by modulating these multivalent interactions.
Understanding these mechanisms could not only unveil fundamental aspects of splicing
biology but also provide insight into novel modalities that expand the functional capabilities
of these complexes.

Regarding the ESS2-dependent regulation of transcription factors, it is also possible
that ESS2 mediates splicing control, but the molecular mechanism has not yet been elu-
cidated. The N-terminal region of ESS2 requires RORYt interaction and transcriptional
activation, while ESS2 associates spliceosome in the C-terminal region [25,41]. Thus, the
ESS2-dependent regulation of transcription and splicing may be different mechanisms.
Since ESS2 regulates histone modifications involved in transcription elongation rather than
in initiation [59], analyzing the ESS2 behavior in dynamic states during transcription and
splicing will be necessary for future studies. There are also still remaining questions regard-
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ing the molecular mechanism of ESS2 in the splicing process. For example, the selectivity
of ESS2 target mRNAs and the role of ESS2 in the C and C* complex are still unknown.
Recently, the interaction between Ul snRNP and ESS2, which is not included in the C
complex, has also been reported [16,41]. Because U1 snRNP suppresses premature 3'-end
cleavage and polyadenylation for inhibiting aberrant transcription termination [65,66], this
result suggests that ESS2 may also regulate mRNA metabolism during transcription.

ESS2 interacts with several transcription factors, especially with nuclear receptors
(NRs), such as RORs, NR4A, and TR2. NRs are transcriptional factors directly bound with
lipophilic hormones that regulate mRNA expression [27]. In general, NRs share a common
structural organization that defines this gene superfamily, which consists of an N-terminal
domain containing an activation function 1 (AF1) domain, a DNA binding domain (DBD)
consisting of C4 type zinc finger domain, a hinge region, and a ligand binding domain
(LBD), which associates transcriptional coregulators through its activation function 2 (AF2)
domain. Interestingly, RORy /vt associates with ESS2 in the hinge region [25]. Since the
transcriptional coregulators bound to the hinge region are rare, ESS2-dependent transcrip-
tional regulation may be different from other coregulators. Because ESS2 overexpression
enhances the transcriptional activities of RORy /vt [25] and Myc [57], the function of ESS2
in transcription must differ from its function in splicing. The different functions of the ESS2
protein in transcription and splicing remain unclear, but post-translational modification
of ESS2 may be the key to distinguishing the use of transcription factors from splicing.
Although ESS2 has been shown to have modification potential, such as in phosphorylation,
its function has not been reported. In particular, the C-terminal region of ESS2 contains
several conserved MAP kinase phosphorylation sites (Ser/Thr-Phe) despite the low amino
acid conservation. Thus, future studies will be needed.

In summary, ESS2 plays an important role in cell differentiation/proliferation through
the regulation of transcription and splicing, but its molecular mechanism is still unclear.
Moreover, ESS2 may have a potential for a biomarker and therapeutic target, particularly
in cancer, autoimmune disease, and neurodevelopmental disorders. Further studies will
provide new findings and lead to the establishment of new therapies for cancer and neural
and immune diseases.
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