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Cancer is a major public health problem worldwide. Studies on oncogenes and tumor-
targeted therapies have become an important part of cancer treatment development. In
this review, we summarize and systematically introduce the gene enhancer of rudimentary
homolog (ERH), which encodes a highly conserved small molecule protein. ERH mainly
exists as a protein partner in human cells. It is involved in pyrimidine metabolism and
protein complexes, acts as a transcriptional repressor, and participates in cell cycle
regulation. Moreover, it is involved in DNA damage repair, mRNA splicing, the process of
microRNA hairpins as well as erythroid differentiation. There are many related studies on
the role of ERH in cancer cells; however, there are none on tumor-targeted therapeutic
drugs or related therapies based on the expression of ERH. This study will provide
possible directions for oncologists to further their research studies in this field.

Keywords: enhancer of rudimentary homolog (ERH) gene, oncogenesis factor, protein partner, transcription factor,
tumor-targeted therapy

Cancer is a major public health problem worldwide and is the second leading cause of death in the
United States: 1,918,030 new cancer cases and 609,360 cancer deaths are projected to occur in the
United States in 2022 (1). However, with the advancement of cancer treatment strategies, cancer
mortality has continued to decline since 1991 (2). There have been more and more studies on
oncogenes, and tumor-targeted therapies have become an important part of many cancer treatment
options (3). Targeted therapies have changed the systemic treatment options for cancer patients. To
further prolong the survival time and improve the quality of life of cancer patients, studies on
oncogenes for tumor-targeted therapies are ongoing. Recently, more and more studies have
shown that the expression of enhancer of rudimentary homolog (ERH) gene is closely related to
cancers (4, 5). In this review, we summarize and systematically introduce the ERH gene and its role
in cancer cells.

In 2007, Jin T et al. first started to suspect and discover the relationship between ERH and
malignant tumors (6). They found that the ERH protein was downregulated in von Hippel-Lindau
(VHL) tumors with Y98H mutation, but ERH expression was upregulated in many other metastatic
tumors. They did not clarify whether the difference in ERH expression was the cause or the result of
the VHL tumor. In 2008, Zakrakas M et al. found in their study (7) that comparing with non-
tumorigenic breast cancer and normal breast tissue samples, ERH expression is upregulated in
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tumorigenic cell lines. They also found in ovarian cancer cell
lines that, ERH is clearly upregulated with tumor progression.
They considered that ERH could be used clinically as a
prognostic factor in breast and in ovarian cancers (7). ERH
knockdown blocks the cell cycle procession in the G2/M phase
(8); this is especially obvious in human Kirsten rat sarcoma viral
oncogene homolog (KRAS) mutation-related tumors (such as
colorectal, lung and pancreatic cancer) (9).

The normal-winged alleles of the rudimentary locus of
Drosophila melanogaster encodes a protein possessing the first
three enzymatic activities of the pyrimidine biosynthesis pathway
(10). Mutations in the rudimentary gene are manifested in a
characteristic truncation of the wings, and the severity of the
wing truncation is thought to reflect the level of rudimentary
gene expression (11). Drosophila enhancer of rudimentary
(DROER) is the enhancer of rudimentary locus of Drosophila
melanogaster. ERH gene, which was mapped to chromosome 1
band 7q34 by fluorescence in situ hybridization in humans,
shares a high sequence identity with DROER (12).
Corresponding gene and protein analogues of ERH can be
found in various species (13), such as flowering plants (14, 15)
(Arabidopsis thaliana), nematodes (Caenorhabditis elegans), and
insects (Aedes aegypti). Lower vertebrates (Zebrafish), mammals
(Mus musculus), and humans (Homo sapiens) also have a high
degree of sequence conservation. ERH is not found in the fungi,
except for the fission yeasts Schizosaccharomyces, S. pombe, S.
octosporus, S. cryophilus, and S. japonicus (16, 17). It was named
ERH in human, DROER in Drosophila, and Xenopus homologue
of DROER (XERH) in Xenopus and erh in the other non-human
species. In vertebrates, human and mouse erh proteins are

exactly the same, and there is only one amino acid (isoleucine-
valine) difference from zebrafish; DROER is 76% identical to
human and mouse erh proteins, and is 49% similar to nematodes
and 40% similar to flowering plants (13).

THE EXPRESSION, STRUCTURE AND
DISTRIBUTION OF THE ERH

ERH protein sequence is highly conserved. ERH protein has 25
hydrophobic amino acid positions, 27 in DROER, 23 in nematodes,
and 20 in Arabidopsis. These hydrophobic amino acids are mostly
present in 3 conservative o helices (Figure 1A), which is inferred to
be an active domain (14). ERH monomeric structure comprises a
single domain, and it presents a dimeric structure through 2 beta-
sheet regions interacting in the crystal structure (Figures 1A, B)
(18, 20). There are two conserved casein kinase II (CKII)
phosphorylation sites in the ERH protein (Figure 1C) (13). It is
speculated (21) that CKII can change the secondary structure of
Enhancer of rudimentary (ER), thereby adjusting the activity of ER,
which is confirmed in structural studies (Figure 1D). The overall
topology of ERH protein is 1-310-f2-01-02-$3-B4-03 (6).

The mRNA of ERH is expressed maternally, enriched in
ectodermal derivatives during development and ubiquitously
detectable in adults (22). The XERH is expressed ubiquitously
in adult frogs, and the ER transcript is present in the egg and at
an increased level during organogenesis; it has been detected in
tissues derived from the ectoderm (23). The human ER transcript
was found in many normal tissues, including the fetus (12). The
XERH protein is distributed in the cytoplasm with only minute

FIGURE 1 | (A) Ribbon view of ERH monomer. The o-helices and the B-strands are shown in red and in yellow, respectively. (B) View of the main-chain structures in
superimposition of the three ERH monomers in the asymmetric unit. Chains (A=C), are colored red, blue, and green, respectively. The superimposition was carried out with
the program Isgkab (Kabsch 1976) in CCP4. (C) The conserved casein kinase Il (CKIl) phosphorylation sites (Thr18 and Ser24) are shown as a blue stick model. (D) Ribbon
view of the interface of the ERH dimer. Cited Figures 1A-D (18, 19). This image was generated using PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.
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amounts in the nucleus (23), but another study (24) showed that
the ERH protein can interact with nuclear protein FCP1 and
distributed in nucleus, contrary to a previous XERH study. ERH
was later shown to localize in both the nucleus and nucleolus in
human cells (25).

ERH PLAYS A ROLE IN CANCER

According to our review of relevant previous studies, the ERH
gene is more expressed in bladder cancer than in normal bladder
tissue, and promotes proliferation as well as inhibits cell death
(26). Further study showed that ERH can regulate the expression
of myelocytomatosis (MYC)gene to have an effect in the
migration and invasion of T24 and 5637 bladder cancer cells
(27). The study by Balic J et al. (28) showed that the combination
of ERH and Pontin acts on signal transducer and activator of
transcription-3 (STAT3) to enhance the transcriptional
activation of its target genes in gastric cancer cells. Pontin is a
highly conserved member of the ATPase family, which plays a
vital role in the phosphorylation of tryptophan 2 and
transcription extension of RNA Pol II (28). Activated STAT3
can interact with other transcription factors (such as STATI, c-
Jun/c-Fos), and can also induce the expression of other
transcription factors (such as MYC) to indirectly affect cell
transcription (29). STAT3 can combine with Nuclear Factor-
kB (NF-xB) to drive unique transcription signals, including
genes related to carcinogenesis and immunity (30). These
results are consistent with our later studies (31). Our studies
showed that ERH gene could affect the apoptosis of bladder
cancer T24 cells through the toll-like receptor (TLR), NF-xB,
tumor necrosis factor (TNF) or transforming growth factor-f
(TGF-P) signaling pathways, and could be a regulator of kinase
tyrosine receptor ligand (KITLG) and an activator of malignant
tumors growth (32). In 2020, Zhang D et al. (33) found that ERH
can regulate the epithelial-mesenchymal transition (EMT) to
affect cell proliferation, apoptosis, invasion and migration in
ovarian cancer cells.

ERH ACTS AS A PROTEIN PARTNER
IN CELLS

Dimerization Cofactor of Hepatocyte
Nuclear Factor-1/Pterin-4o.-

Carbinolamine Dehydratase

Analyzed by Yeast Two-Hybrid (YTH) Assay, Pogge et al. (23)
demonstrated that ERH is a protein partner of DCoH/PCD,
which is related to the DNA-binding domain of galectin 4
(GAL4) transcription factor (34) and regulates cell growth
(Figure 2). They found partial co-localization of ERH and
DCoH/PCD proteins, and that ERH acts as a transcriptional
repressor in a cell type-specific manner upon recruitment to the
deoxyribonucleic acid (DNA) via its interaction partner DCoH/
PCD or by the DNA-binding domain of the GAL4 transcription

factor (23). But they did not delve into the specific sites where the
two proteins bind, and the report lacked direct evidence of
binding. As ERH is a partner of dimerization co-factor of
HNE-1 and which is involved in the cell development and
regulation in many kinds of cancers, ERH may become a
therapeutic target to inhibit the HNF-1 expression.

Ty Homolog-5 (SPT5)

Analyzed by Co-Immunoprecipitation (Co-IP) and mass
spectroscopy (MS), Kwak et al. found that ERH is associated
with SPT5 elongation factor (Figure 2), which is the
phosphorylation target of cyclin dependent kinase 9 (CDK9)/
cyclin T1 and are important in regulating the elongation process
(35). They further confirmed by co-immunoprecipitation that
ERH can specifically bind to F-cell production 1 (FCP1), a
phosphatase specific to the carboxyl-terminal domain of the
large subunit of RNA polymerase II (RNAPII), stimulating
transcription elongation (24, 35). However, the binding site has
not been further confirmed. SPT5 is an overexpressing
transcription elongation factors and stabilizes RNA polymerase
11, orchestrates transcription cycles, and maintains the enhancer
landscape (36, 37).

Polymerase Delta Interaction Protein 46/
S6K1 Aly/REF-Like Target

Analyzed by YTH screening, Smyk et al. (38) demonstrated in
2006 that ERH interacted with polymerase § interacting protein
46 or S6K1 Aly/REF-like target (PDIP46/SKAR, Figure 2), a
protein partner of both the p50 subunit of DNA polymerase &
and p70 ribosomal protein S6 kinase 1 (S6K1). They examined
the interaction between ERH and PDIP46/SKAR by glutathione
S-transferase (GST) pull-down, co-IP, MS, and intracellular
localizations assays. They further analyzed that 2 regions (274-
368 and 379-421, C-terminal) of PDIP46/SKAR interact with
ERH. They inferred that ERH connects PDIP46/SKAR with
SPT5 and FCP1 and then play roles in coupling transcription
to pre-mRNA processing. Blockade of binding to SPT-5 may
become an entry point for ERH-targeted therapy.

Cyclin Dependent Kinase Inhibitor 1A
Interacting Zinc Finger Protein 1 (Ciz1)

It is inferred that phosphorylation of CKII sites (Thrl8 and
Ser24) would disrupt the dimerization of ERH and then disrupt
its interaction with other proteins (38). In 2008, using the YTH
system, GST, and MS, Lukasik A et al. (39) found another
molecular chaperone of ERH protein, the zinc finger protein 1
(Cizl, Figure 2), that interacted with p21“P"Wl " A region of
114 amino acids comprising residues 531-644 (contains a zine
finger motif, 595-617) was shown to interact with ERH using
YTH screening. They demonstrated by fluorescence co-
localization assay that when Cizl and ERH are co-expressed in
HeLa cells, Cizl could recruit ERH to the region of DNA
replication. They indicated that ERH can block the action of
Cizl, and then reduce the expression of ERH inducted by DNA
damage, which facilitates CDK-cyclinE-p21“PW2f complex
formation and enables the repair of DNA damage.
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Analyzed by co-IP and MS in 2011, ERH was shown to interact
with HOTS, a tumor growth inhibitor encoded by H19 antisense
transcript (Figure 2) (25). Onyango et al. immunoprecipitated the
HOTS- Green fluorescent protein (GFP) by ERH antibodies,
demonstrating that native ERH interacts with HOTS protein in
HEK293 cells. HOTS is a tumor growth inhibitor, and the
overexpression of HOTS inhibits Wilms, rhabdoid,
rhabdomyosarcoma, and choriocarcinoma tumor cell growth (25).

Small Nuclear Ribonucleoprotein

D3 Polypeptide

ERH was shown using stable isotope labeling by amino acids in
cell culture MS that it can interact with Sm protein SNRPD-3
(Figure 2) (9). Co-IP was used to confirm the interaction
between ERH and SNRPD-3. ERH is required for the

expression of mRNA splicing and the expression of centromere
protein E (CENP-E). Xiao et al. (40) found that knockdown of
ERH is cell cycle was blocked in the G1 phase in melanoma cells.
This indicates that it might be a well target for cell
cycle inhibition.

Dishevelled, EGL-10 and Pleckstrin
Domain Containing 1B

In 2015, Wu et al. (41) found that ERH can specifically bond with
DEP domain containing 1B (DEPDCI1B, Figure 2) (37). The
DEP domain is a protein motif composed of nearly 100 amino
acids found in three proteins (Dishevelled, EGL-10 and
Pleckstrin), with cell membrane positioning, signal
transduction and other functions. ERH was shown to intact
with Scaffold attachment factor B1 (SAFBI1) to reverse the
inhibitory effect on the splicing kinase named Ser/Arg (SR)-
rich splicing factor (SRSF) protein kinase 1 (SRPK1) exerted by
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SAFBI in mammalian cells (42). DEPDCI1B regulates the Racl/
PAKI signaling and has an effect on the cell proliferation in
prostate and pancreatic cancer cells (43, 44).

Pontin

It has been proven that ERH can combine with Pontin, a highly
conserved AAA+ adenosine-triphosphate enzyme (ATPase)
family member, to have an effect on serine-phosphorylated
STATS3, regulating canonical tyrosine phosphorylation and
enhancing transcriptional activity in gastric cancers (28). ERH
can interact with thyroid hormone receptor-associated protein 3
(THRAP3), DiGeorge Syndrome Critical Region 8 (DGCRS),
protein arginine methyltransferase 1 (PRMT1) and chromatin
target of PRMT1 (CHTOP) proteins to regulated mRNA splicing
(Figure 2) (45).

Involved in PID-3, ERH-2, TOFU-6, and
IFE-3 Small RNA Complex

ERH is involved in many protein complexes, as supported by
many research studies. For instance, Perez-Borrajero et al. (46)
found that ERH was involved in the complex PETISCO (PID-3,
ERH-2, TOFU-6, and IFE-3 small RNA complex), which is
required for 21U RNA biogenesis. Another study showed that
ERH is involved in the complex PICS (piRNA biogenesis and
chromosome segregation, contains TOFU-6, PID-1, PICS-1,
TOST-1 and ERH-2), which is concentrated at the perinuclear
granule zone and engages in piDNA processing and
chromosome segregation (Figure 2) (47).

Others

ERH is reported to interact with some other proteins (48), such
as mediator complex subunit 31/comparative gene identification
protein 125 (MED31/CGI-125), tumor protein p53 (TP53), 70
kDa heat shock protein 8 (heat shock protein, HSPAS8) in Li-
Fraumeni syndrome, but these results have not been confirmed
in experiments.

FUNCTIONS OF ERH GENE

Pyrimidine Metabolism

Literature has shown that ERH plays an important role in
biological processes such as pyrimidine biosynthesis, cell cycle
regulation, and transcription inhibition (6). Enhanced mutation
can promote the expression of carbamoyl phosphate synthetase
II (CPSase), aspartate transcarbamoylase (ATCase), and
dihydroorotase (DHOase) (CAD), a multifunctional enzyme
involved in de novo pyrimidine biosynthesis (16). Interestingly,
as Smyk et al. (38) speculated, if ERH is indeed involved in cell
growth control, mutations in ERH can increase the effect of
rudimentary mutations, resulting in enhanced wing truncation
without directly affecting pyrimidine metabolism (38). No
further studies have found whether ERH is directly or
indirectly related to pyrimidine metabolism (Figure 3).

Transcriptional Repressor
ERH acts as a transcriptional repressor (34). ERH interacts with
SAFBI and alleviates the inhibition that the SAFB1/2 proteins

PETISCO
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FIGURE 3 | Schematic diagram of functions ERH protein involved in cells. ERH protein can affect many molecules like MYC, SAFB1/2, and some pathways to have
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exert on SRPKI, but it does not affect SAFB1/2 function in
transcription (Figure 3).

Cell Cycle Regulation

As the ERH protein can be phosphorylated by CKII, which is a
kinase required at the G1/S and G2/M transitions, it is suggested
that ERH protein may be involved in cell cycle regulation (38).
Analyzed by luciferase reporter assay, Ishikawa et al. (41)
demonstrated that miR-574-3p can bind to and regulate ERH to
have an effect on the repair of DNA damage. It has been reported
that ERH can interact with CIZ1 to initiate the process of DNA
replication (39). CIZ1 is a zinc finger protein that can interact with
p21, an important CDK2 inhibitor. As centromere-associated
protein E (CENP-E), who degraded on mitosis exit and
resynthesized in the next S-phase, can be inhibited by the
combination of ERH and SNRPD-3. ERH has been shown to
regulate the cell cycle in G2/M-phase (8, 9, 49). Cells lacking ERH
do not complete DNA replication after release from a replication
block (45). ERH is only weakly expressed in undivided hepatocyte
cell lines, while it is expressed in large amounts in fibroblasts and
hepatocarcinoma cell lines, indicating that ERH may have
functions necessary for cell proliferation (7, 13).

DNA Damage Repair

It was shown that loss of ERH attenuated UV-induced DNA
damage repair in hepatocellular carcinoma (HCC) cells (50).
Ishikawa et al. (41) discovered for the first time that in human
lung adenocarcinoma, cerebral medulloblastoma, and astrocytoma
cells, ERH is related to the repair of DNA damage when exposed to
X-rays. ERH can control the expression of ATR (ataxia
telangiectasia-mutated and Rad3-related) to regulate ATR-
signaling pathway, which is a major mechanism by which cells
respond to and repair replication-associated damage (45) (Figure 3).

mRNA Splicing

It is demonstrated that ERH regulates mRNA splicing of CENP-
E mRNA through interaction with the splice protein SNRPD3
(9); other studies have demonstrated that ERH can interact with
thyroid hormone receptor-associated protein 3 (THRAP3),
DGCR8, CHTOP and PRMT1 proteins, and most of these
proteins are involved in mRNA splicing and processing
(49) (Figure 3).

MicroRNA Clustering Assists in
Processing of Suboptimal

MicroRNA Hairpins

It was reported in 2020 by Fang W et al. (51) that ERH protein is
involved in the processing of suboptimal microRNA hairpin
formation. SAFB can both dimerize and interact with ERH, and
similarly, ERH can both dimerize and interact with
Microprocessor. Together, these two proteins might mediate
the association of two or more Microprocessors (51).

Meiosis
Some studies on the protein erhl in yeast suggest some potential
functions of ERH. Yamashita A et al. (52) found that S. pombe

strains that are deficient in erhl have significantly reduced
tolerance to low temperature and participate in the Mmil/DSR
process, which causes the degradation of meiotic transcripts and
is deleterious for meiosis (53, 54). In addition, Erhl and its
molecular chaperone can target and mediate histone 3 lysine 9
(H3K9) methyltransferase Clr4 to assemble facultative
heterochromatin during meiosis (55, 56). Erhl is proven to
bind with protein Mmil to form a stoichiometric complex,
called the Erh1-Mmil complex (EMC), to promote meiotic
mRNA decay and facultative heterochromatin assembly (57).
Mmil has a YTH domain, which can bind to target RNA, and the
amino terminal end (95-122) of Mmil can bind to the processing
complex of Erh1l and RNA, and finally form EMC (54), which is
critical for nuclear retention of meiotic mRNAs (58).

Erythroid Differentiation

ERH gene was found (59) to be continuously regulated during
erythropoiesis and its expression increased during
differentiation, indicating that it plays an important role in red
blood cell differentiation. But no further studies were conducted
on this topic.

MOLECULES THAT REGULATE
ERH EXPRESSION

The expression of ERH is affected by many factors. In 2014,
Ishikawa et al. (41) found that when some malignant cells are
exposed to X-rays, they can induce the expression of miR-574-
3p, which suppresses the production of the ERH protein,
resulting in the inhibition of cell growth. It was demonstrated
by Sutherland J et al. (60) that Musashi-1 has the function of
upregulating ERH expression. ERH is highly conserved and
stable in its structure. It is an ideal therapeutic target for
tumor-targeted therapeutic drugs.

IS ERH A GOOD TARGET FOR
DRUG DESIGN?

Many studies suggest that ERH may be a good target for tumor
therapy, and there are a few drugs that have been found to
already target ERH for cancer therapy. However, it might cause
a lot of side effects to inhibit the expression of ERH since it
fulfills so many different roles. In 2015, Weng et al. (50) used
AZD7762 (a CHK1 inhibitor) to inhibit the ERH-ATR axis, and
they found that AZD7762 induces S-phase arrest and sensitizes
HCC cells to doxorubicin, a well-studied chemotherapy for
treating HCC4. They also observed strong inhibition in the
growth of HCC xenografts in mice treated with a combination
of doxorubicin plus AZD7762 (50). In 2021, Park et al. (61)
confirmed that ERH augmented anthocyanins isolated from
Meoru (AIMs)-induced caspase-dependent apoptosis by
activating caspase-3 and -9. They discussed the relationship
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between augmented expression of ERH and the therapeutic
effects of AIM (61). Whether it is because of the side effects, or
whether there is no drug that can inhibit ERH, still needs
further confirmation. According to the existing research results,
by affecting the CKII phosphorylation sites of ERH gene, it may
affect the binding of ERH protein to its protein partners,
thereby affecting the further functions to inhibit the
development of malignancies.

CONCLUSION

The ERH gene encodes a nuclear protein that is highly
conserved in animals and plants. Recent studies have shown
that ERH plays an adjunct role in promoting tumorigenesis in
a variety of malignancies. ERH protein can be combined with a
variety of proteins, affecting cell proliferation, cell cycle, DNA
repair and other functions of different directions. The ERH
gene plays an important role in the occurrence and
development of malignant tumors, however, there are only a
few drugs that target and regulate the expression of ERH by
now. For the treatment of the majority of cancer patients,
more targeted drugs to inhibit ERH expression should
be developed.
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