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ABSTRACT

Enhancer of rudimentary homolog (ERH) is a small, 
highly conserved protein among eukaryotes. Since its 
discovery nearly 20 years ago, its molecular function has 
remained enigmatic. It has been implicated to play a role 
in transcriptional regulation and in cell cycle. We recently 
showed that ERH binds to the Sm complex and is required for 
the mRNA splicing of the mitotic motor protein CENP-E. Fur-
thermore, cancer cells driven by mutations in the KRAS 
oncogene are particularly sensitive to RNAi-mediated 
suppression of ERH function, and ERH expression is 
inversely correlated with survival in colorectal cancer pa-
tients whose tumors harbor KRAS mutation. These recent 
fi ndings indicate that ERH plays an important role in cell 
cycle through its mRNA splicing activity and is critically 
required for genomic stability and cancer cell survival.

KEYWORDS    enhancer of rudimentary homolog, mRNA 
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DISCOVERY AND EVOLUTIONARY CONSERVATION 
OF THE ERH PROTEIN
The fi rst ERH ortholog was discovered by the Tsubota lab from 
an insertional mutagenesis screen in Drosophila for mutants 
that enhanced the wing phenotype of a hypomorphic allele 
of the rudimentary gene (Wojcik et al., 1994). A mutant allele 
of the enhancer of rudimentary [e(r)] gene resulting from P-
element insertion led to a more severe wing truncation in the 
mutant rudimentary background. As the rudimentary gene 
encodes a CAD-like enzyme in the pyrimidine biosynthetic 
pathway, it was suggested that e(r) might play a role in the reg-
ulation of pyrimidine metabolism. Flies with hypomorphic muta-
tions in e(r) are viable, but homozygous deletion of this gene 
severely reduces viability (Roykhman et al., 2007). Thus e(r) is 
likely to encode a critical, if not essential protein in Drosophila.

Since its discovery, orthologs of the ERH gene have been 
identifi ed in most eukaryotes and they encode a small protein 
that is highly conserved throughout metazoans and plants 
(Weng et al., 2012) (Fig. 1). ERH orthologs can be traced back 
to fi ssion yeasts including Schizosaccharomyces pombe (S. 
pombe) and Schizosaccharomyces japonicus, but not the bud-
ding yeast Saccharomyces cerevisiae (Krzyzanowski et al., 
2012; Weng et al., 2012). Amino acid sequence similarity is a 
striking ~80% between human and Dyctyostelium and that be-
tween Human and Arabidopsis is ~78%. Such high degree of 
sequence conservation strongly implicates conserved molecu-
lar function of ERH across eukaryotes.

STRUCTURE AND REGULATION OF ERH
The human ERH gene is located on chromosome 14q24.1 
and is ubiquitously expressed in all tissues (Smyk et al., 2006). 
EGFP-tagged ERH primarily localizes to the nucleus but is 
excluded from the nucleolus. During mitosis, ERH is distrib-
uted throughout the cell but excluded from chromatin (Smyk 
et al., 2006; Lukasik et al., 2008; Weng et al., 2012). These 
fi ndings indicate a nuclear function of ERH. Mammalian ERH 
protein adopts a RAGNYA type α + β fold consisting of a four-
stranded  antiparallel  beta  sheet  packed  adjacent  to  three 
amphipathic α-helices (Arai et al., 2005; Li et al., 2005; Wan 
et al., 2005; Balaji and Aravind, 2007; Jin et al., 2007) (Fig. 1). 
In solution, purifi ed ERH protein forms homodimers, suggest-
ing ERH might function as a dimer in cell. The Drosophila E(r) 
protein can be phosphorylated by casein kinase II (CKII) in 
vitro (Gelsthorpe et al., 1997), and mutations in E(r) at two CKII 
consensus sites T18 and S24 compromise E(r) function in vivo 
(Gelsthorpe et al., 2006). Although it remains to be determined 
whether CKII also phosphorylates ERH in mammalian cells, 
mass-spectrometry data indicate that S24 might be a major 
phosphorylation site on human ERH. Furthermore, K41 and 
K90 of human ERH appear to be two major sites for ubiquitina-
tion (http://www.phosphosite.org). Thus the function of ERH 
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could be subject to regulation by both phosphorylation and 
ubiquitination.

THE ROLE OF ERH IN TRANSCRIPTION 
REGULATION
Genetic evidence from Drosophila indicates that E(r) might 
function as a transcriptional regulator, although it does not 
seem to strongly affect rudimentary transcript levels in adult 
fl ies (Wojcik et al., 1994). The Xenopus ERH protein, XERH, 
was identified in a yeast two-hybrid screen to interact with 
the transcriptional co-activator dimerization cofactor of HNF1/
pterin-4a-carbinolamine dehydratase (DCoH/PCD) (Pogge 
von Strandmann et al., 2001). DCoH is a multifunctional pro-
tein that was fi rst identifi ed as a positive cofactor for the HNF1 
homeobox transcription factor. DCoH stabilizes HNF1α dimers 
and enhances its transcriptional activity by forming a stable 
tetrameric DCoH-HNF1α complex without changing the DNA 
binding characteristics of HNF1α (Mendel et al., 1991). In 
HeLa cells the co-expression of Xenopus DCoH and HNF1α 
leads to stronger activation of an HNF1-responsive reporter 
than either protein alone, and over-expression of XERH inhib-
its the activation of this reporter by DCoH and HNF1α (Pogge 
von Strandmann et al., 2001).

ERH might also play a role in transcriptional elongation. 
ERH interacts with both the RNA Pol II C-terminal domain 
phosphatase FCP1 and the transcription factor SPT5, which 
regulates RNA Pol II elongation ( Kwak et al., 2003; Amente et 
al., 2005). Both FCP1 and SPT5 are substrates of the methyl-
transferase PRMT5, which co-purifi es with these proteins to-
gether with ERH. However, it is not clear whether ERH binding 

infl uences the function of FCP1 and SPT5 and whether ERH 
plays a role in regulating the activity of Pol II.

We have recently shown that RNAi-mediated knockdown of 
ERH in human colorectal cancer cell line DLD-1 results in al-
tered expression of a small set of genes, the majority of which 
are down-regulated (Weng et al., 2012). Further studies are 
necessary to establish whether the down regulation of these 
genes occur at the transcriptional level. Because our study 
uncovered a role of ERH in mRNA splicing (see below), it is 
possible that the down-regulation of these ERH target genes is 
a consequence of mRNA splicing defects. Thus the in vivo evi-
dence supporting a role of endogenous ERH in transcriptional 
regulation is relatively weak and further studies are necessary 
to confi rm the role of ERH in this context.

THE ROLE OF ERH IN CELL CYCLE AND MITOSIS
The ERH ortholog gene erh1+ in the fi ssion yeast S. pombe 
is not essential but is required for optimal growth under stress 
conditions (Krzyzanowski et al., 2012). In S. pombe erh1+ is 
expressed in all growth stages and disruption of erh1+ by ho-
mologous recombination results in aberrant cell morphology 
and reduced growth rate. Auxotrophic erh1Δ mutants show 
stronger G1 arrest upon nitrogen starvation and are hyper-
sensitive to agents that cause hyperosmotic stress (sorbitol), 
DNA damage (hydroxyurea), or membrane disruption (SDS). 
Interestingly, re-expression of human ERH in these mutants 
rescues sorbitol sensitivity but not hydroxyurea or SDS sensi-
tivity, indicating a partial conservation of ERH function between 
human and yeast.

The human ERH protein has been found to interact with 
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Figure 1. Crystal structure of human ERH protein and sequence homology among ERH orthologs. (A) Crystal structure of human 
ERH protein. Image was generated with the human ERH crystal structure 2NML (Jin et al., 2007) using the PDB viewer (http://www.rcsb.
org/pdb/). (B) Sequence homology among ERH orthologs. Secondary structure of α-helix and β-strand corresponding to the human ERH 
sequence in the crystal structure are indicated on top.
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SKAR and CIZ1 in yeast-two hybrid screens (Smyk et al., 
2006; Lukasik et al., 2008). SKAR is a nuclear protein that re-
cruits the ribosomal protein S6 kinase, S6K1, to newly synthe-
sized mRNAs to stimulate their translation (Richardson et al., 
2004; Ma et al., 2008). CIZ1 is a zinc fi nger protein that plays 
a role in cell cycle and DNA replication through its interaction 
with the CDK inhibitor p21cip1/waf1 and cyclins E and A (Mitsui 
et al., 1999; Copeland et al., 2010). Although it remains to be 
confi rmed that endogenous ERH interacts with endogenous 
SKAR and CIZ1 to regulate cell growth and DNA replication, 
these studies suggest a role of ERH in cell cycle regulation.

Recently, we and the Kimura lab independently discovered 
that in mammalian cells ERH is required for chromosome 
segregation during mitosis (Fujimura et al., 2012; Weng et al., 
2012). RNAi-mediated ERH knockdown leads to G2/M arrest 
and chromosome congression defect. In mitosis, chromo-
somes must align at the metaphase mid-plate and achieve 
bi-oriented attachment to opposing spindle poles prior to the 
onset of anaphase to ensure proper segregation of sister 
chromatids. This process is orchestrated by a large number 
of proteins (Kops et al., 2010; Tanaka, 2013). During chromo-
some congression, individual kinetochores are fi rst captured 
laterally on microtubules and moved to spindle pole by minus 
end-directed dynein motor proteins. There kinetochore attach-
ment is converted to an end-on attachment with the help of the 
KNL1-Mis12-Ndc80 network of kinetochore proteins. Transpor-
tation of kinetochores towards the metaphase mid-plate along K 
fi bers is carried out by the plus end-directed motor protein CENP-E. 
Proper kinetochore attachment is sensed by the spindle as-
sembly checkpoint (SAC). SAC remains active in the presence 
of unattached, merotelically attached or syntelically attached 
kinetochores to inhibit the onset of anaphase. Only when all 
kinetochores are correctly attached is the SAC silenced and 
sister chromatids allowed to segregate.

ERH depletion results in the loss of CENP-E from kine-
tochore and consequently chromosomes fail to congress in a 
timely fashion (Fujimura et al., 2012; Weng et al., 2012). Live 
cell videomicroscopy in U2OS cells indicates that ERH deple-
tion increases the duration of mitosis by approximately 6-fold 
due to defective chromosome congression. The loss of CENP-E 
from kinetochore is due to the loss of CENP-E expression, as 
both CENP-E protein and mRNA levels are severely reduced 
in the absence of ERH (see below). ERH appears to be selec-
tively required for the expression of CENP-E but not all mitotic 
proteins: the expression and localization of the Ndc80 complex 
subunit Hec1, and the SAC proteins Bub1, BubR1, and MAD2 
are not affected by ERH knockdown. Furthermore, in the ab-
sence of ERH the SAC remains intact as cells can still arrest 
stably in the presence of the microtubule depolymerization 
agent nocodazole (Fujimura et al., 2012; Weng et al., 2012).

In addition to CENPE, ERH appears to also regulate other 
cell cycle genes. Gene expression analysis indicates that a 
small set of cell cycle and DNA replication/repair genes are 
down regulated following ERH knockdown. Among these are 
SMC4, KIF20, ATM, FANCD, MRE11A, RAD50, and RAD54B 

(Weng et al., 2012). Together these fi ndings suggest that ERH 
is required for cell cycle progression and in particular, normal 
chromosome segregation during mitosis.

ERH IS AN RNA SPLICING FACTOR
ERH is a nuclear protein localized to the nucleoplasm and ex-
cluded from the nucleolus and chromatin (Smyk et al., 2006; 
Lukasik et al., 2008; Weng et al., 2012). Given ERH has been 
implicated as a transcription factor, we initially tested whether 
ERH can bind to the CENPE promoter. However, chromatin 
immunoprecipitation (ChIP) experiments failed to detect ERH 
localization to the CENPE promoter, thus prompting us to ex-
amine alternative mechanisms of CENPE regulation by ERH. 
Using SILAC-mass spectrometry, we unexpectedly identifi ed 
the Sm complex subunit SNRPD3 as a binding partner for 
ERH. Reciprocal IP experiments further confi rmed the interac-
tion between endogenous ERH and SNRPD3 (Weng et al., 
2012). SNRPD3 is a subunit of the heteroheptameric Sm com-
plex that binds to the spliceosome U1, U2, U4, and U5 small 
nuclear RNAs (snRNAs) to promote their 5′-cap hypermethyla-
tion and maturation (Beggs, 2005). Sm is in turn targeted to 
these snRNAs by the SMN complex (Battle et al., 2006) and 
a recent SMN interactome study identifi ed ERH as an associ-
ated protein (Fuller et al., 2010). These fi ndings indicate that 
ERH is likely to associate with core mRNA splicing factors 
through its binding to the Sm complex.

Functional evidence supporting a role of ERH in mRNA 
splicing came from the analysis of CENPE mRNA. Depletion of 
ERH results in a loss of mature CENPE mRNA that accounts 
for the loss of CENP-E protein at the kinetochore. RT-qPCR 
analysis of multiple CENPE exon-intron junctions indicates that 
CENPE pre-mRNA fails to splice effi ciently in the absence of 
ERH, and unspliced/mis-spliced CENPE pre-mRNA is likely 
degraded through the nonsense-mediated decay mRNA qual-
ity control pathway (Weng et al., 2012). In our gene expression 
profi le analysis, 64 genes were down-regulated 2 days after 
ERH depletion. Many of these down-regulated genes are in-
volved in cell cycle and DNA replication/repair pathways (Weng 
et al., 2012). Why ERH depletion preferentially affects cell cy-
cle genes remains unclear and whether ERH regulates these 
genes through pre-mRNA splicing is unknown and requires 
further investigation. Interestingly, depletion of other mRNA 
splicing factors including the Prp19 complex and PHF5A also 
leads to cell cycle arrest and mitotic defects (Song et al., 2010; 
Hubert et al., 2013). Thus cell cycle genes might be particularly 
sensitive to perturbation of the mRNA splicing machinery.

ERH IN MALIGNANCY
Relatively little is known about the role of ERH in cancer. The 
ERH gene does not appear to be a target for focal amplifi ca-
tion/deletion or point mutation in human cancer. However, ERH 
expression is elevated in breast tumors and breast cancer cell 
lines (Zafrakas et al., 2008). ERH has been reported to interact 
with the tumor suppressor protein H19 opposite tumor sup-
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pressor (HOTS) (Onyango and Feinberg, 2011). HOTS is a 
nucleolar protein whose expression is frequently lost in Wilms’ 
tumors whereas its over-expression inhibits the proliferation 
of Wilm’s tumor cell lines. The mechanism of tumor suppres-
sion by HOTS in Wilms’ tumor, and how ERH might modulate 
HOTS’s function is currently unknown.

RNAi knockdown experiments indicate that ERH is re-
quired for tumor cell viability in a context dependent manner. 
Recent data from genome-wide RNAi screen in a large panel 
of cancer cell lines suggest that ERH is an important survival 
factor in certain pancreatic, breast, and ovarian cancer cell 
lines (Marcotte et al., 2012). We initially identifi ed ERH as a 
candidate KRAS synthetic lethal gene in isogenic KRAS mu-
tant and wild type (WT) DLD-1 colorectal cancer cell lines (Luo 
et al., 2009a). We further showed that in a panel of colorectal 
cancer cell lines, ERH depletion reduced the viability of KRAS 
mutant cell lines more strongly than KRAS WT cell lines (Weng 
et al., 2012). As cells driven by the RAS oncogene experi-
ence elevated mitotic stress and genomic instability (Denko et 
al., 1994; Luo et al., 2009a), this is likely to render them more 
sensitive to ERH depletion, which would further deregulate cell 
cycle gene expression and exacerbate mitotic stress. Thus the 
hypersensitivity of KRAS mutant cells to ERH depletion could 
refl ect the non-oncogene addiction of these cells toward genes 
that maintain cell cycle fi delity (Luo et al., 2009b). Clinically, 
ERH mRNA expression is associated with shorter survival 
among colorectal cancer patients whose tumor harbor KRAS 
mutations but not among patients whose tumors are WT for 
KRAS. Similarly, higher ERH expression also trended with 
shorter survival among patients whose resected lung tumors 
harbored KRAS mutations, but not among those whose lung 
tumors were WT for KRAS or harbored EGFR mutations (Weng 
et al., 2012). Thus high ERH expression could contribute to the 
malignancy of KRAS mutant tumors and low ERH expression 
might constrain the aggressiveness of these tumors. 

CONCLUSION
ERH is a highly conserved protein identifi ed in metazoans and 
plants. It is a multifunctional protein capable of regulating tran-
scription, cell cycle, and mRNA splicing (Fig. 2). Recent studies 
clearly implicate a role of ERH in mitosis and the maintenance 
of genomic stability. Future studies will provide additional 
understanding on the molecular mechanisms by which ERH 
regulates these biological processes. Given the success of cell 
cycle inhibitors in cancer treatment, understanding how ERH 
and the mRNA splicing machinery regulate the expression of 
cell cycle genes could provide new insight into targeting the 
cell cycle machinery for cancer therapy.
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