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Abstract
Numerous RNA-binding proteins (RBPs) are expressed in the heart, and mutations in several RBPs have been implicated in 
cardiovascular disease through genetic associations, animal modeling, and mechanistic studies. However, the functions of 
many more cardiac RBPs, and their relevance to disease states, remain to be elucidated. Recently, we have initiated studies 
to characterize the functions of the RBPs RBPMS and RBPMS2 in regulating myocardial biology in zebrafish and higher 
vertebrate species. These studies began when we learned, using an unbiased gene discovery approach, that rbpms2a and 
rbpms2b in zebrafish are robust markers of embryonic myocardium. This observation, which is consistent with published 
data, suggests that the encoded proteins are likely to be performing critical functions in regulating one or more aspects of 
cardiomyocyte differentiation, proliferation, survival, and/or contractility. This notion is supported by recent reports dem-
onstrating that zebrafish embryos with disrupted Rbpms2 function exhibit gross signs of cardiac distress. Interestingly, a 
20-year-old study determined that myocardial tissue from the frog, chick, and mouse also express high levels of Rbpms and/
or Rbpms2, which is suggestive of evolutionary conservation of function. In this review, we will provide a historical account 
of how RBPMS and RBPMS2 genes were discovered, attempt to clarify some potentially confusing nomenclature, and sum-
marize published observations that inform our ongoing studies.
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Introduction

At least 1500 RNA-binding proteins (RBPs) are encoded in 
the human genome [1]. As a class, they regulate all stages 
of the RNA life cycle including synthesis, processing, trans-
location, translation, and degradation. Because RNA mol-
ecules, both coding and non-coding, support every aspect of 
cellular function, mutations that compromise RBP-mediated 
handling of RNA transcripts are major drivers of human 
disease in several contexts [2], including cardiovascular dis-
orders [3, 4]. The vast potential for RBP mutations to con-
tribute to heart disease is highlighted by the recent discovery 
that over 390 RBPs are expressed specifically in the muscle 

layer of the mouse heart [3]. That being said, the functional 
requirements for most cardiac RBPs remain uncharacterized. 
Several recent reviews have provided detailed accounts of 
how RBPs support normal cardiac development [5–7] and 
function [4], how mutations in RBPs lead to congenital heart 
disease [5–7] and cardiomyopathies [4], and how the activi-
ties of RBPs might be manipulated for therapeutic benefit in 
the cardiovascular space [4]. Here, we summarize the litera-
ture on two RBPs, RBPMS and RBPMS2, which are highly 
expressed in the heart muscle of several vertebrate species 
but remain largely unstudied in this cell type.

A Brief History of RBPMS and Hermes/
Rbpms2

In 1996, investigators attempting to identify the causative 
gene for Werner Syndrome reported the serendipitous dis-
covery of coding sequences for a human protein that con-
tains an RNA recognition motif (RRM) with a high degree 
of homology to the RRM of the fruit fly protein Couch 
potato [8]. Because the similarity between the human and 
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fly proteins did not extend beyond the RRM, the newly 
discovered protein was categorized as novel rather than 
the human homolog of Couch potato. Cloning of several 
full-length cDNAs uncovered multiple alternatively spliced 
mRNA isoforms, which encode proteins that share the 
N-terminal RRM domain but diverge in the composition of 
the C-terminus. Based on what little was known about this 
protein at the time, it was labeled RNA-binding protein with 
multiple splicing variants (RBPMS). In the same study, the 
authors isolated cDNAs from the mouse that encode Rbpms 
isoforms with exquisite similarity ( ≥ 98%) to their human 
counterparts, suggesting that the molecular function of this 
newly identified RBP is likely to be conserved.

Three years later, an independent laboratory reported the 
isolation of a highly related protein from the frog species 
Xenopus laevis [9]. In this case, investigators were screen-
ing for novel cDNAs that are preferentially expressed in the 
embryonic heart. Through these efforts, they discovered a 
cDNA, which encodes for an RRM-containing protein with 
76% sequence similarity to human RBPMS across the entire 
peptide sequence. The authors named the newly identified 
gene heart, RRM, expressed sequence or hermes, rather than 
rbpms, although they acknowledged the high likelihood 
that Hermes is the frog homolog of human RBPMS. The 
same authors also reported the isolation of cDNAs encod-
ing ostensible RBPMS homologs from the chick and mouse 
based on sequence similarity. In summary, two studies from 
the 1990s identified highly similar RRM-containing proteins 
termed RBPMS or Hermes from several vertebrate species 
(human, frog, chick, and mouse) that appeared at the time 

to constitute a single family of conserved RNA-binding 
proteins.

Phylogenetic Analysis of RBPMS1 
and RBPMS2 Proteins

With the benefit of sequenced genomes, large-scale cDNA-
sequencing efforts, and two decades of experimental gene 
discovery, it has become clear that what was originally con-
sidered a single family of proteins is more accurately bro-
ken down into two distinct families or sub-families based on 
sequence similarities. Human RBPMS is the eponymous, 
founding member of the first family [8]. In retrospect, the 
original Hermes protein, which was considered frog Rbpms 
[9], is now more accurately considered to be the founding 
member of the second family, termed RBPMS2 proteins, 
based on phylogenetic relationships.

To illustrate this point, we collected the primary 
sequences of proteins encoded by genes annotated as 
RBPMS or RBPMS2 from six species in the National Center 
for Biotechnology Information (NCBI) Gene Database [10] 
and generated a phylogenetic tree using ClustalOmega soft-
ware [11]. As anticipated from the annotations, the proteins 
cluster into two families. The first family, which includes 
human RBPMS, has a single homolog in all species (Fig. 1). 
However, the frog protein in this family is not the origi-
nal Hermes protein but an independent protein annotated 
as Rbpms.L, based on higher sequence similarity and its 
location on chromosome 1L. Instead, the original Hermes 
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human RBPMS* 
mouse RBPMS (HERMES)
rat RBPMS
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Fig. 1  Phylogenetic tree showing the predicted evolutionary 
relationships between proteins encoded by genes annotated as 
RBPMS or RBPMS2 in the NCBI Gene Database from six spe-
cies. The asterisks highlight founding members of each family. 
The three proteins designated as HERMES in [9] are also high-
lighted. Sequence sources: human RBPMS, Gene ID: 11030, 
NP_001008710.1; mouse Rbpms, Gene ID: 19663, NP_001036139.1; 
rat Rbpms, Gene ID: 498642, NP_001258173.1; chick RBPMS, 
Gene ID: 428738, XP_015132108.2; frog rbpms.L, Gene ID: 

398948, NP_001083477.1; zebrafish rbpms, Gene ID: 100537153, 
XP_003199078.1; human RBPMS2, Gene ID: 348093, NP_919248.1; 
mouse Rbpms2, Gene ID: 71973, NP_082306.2; rat Rbpms2, Gene 
ID: 503214, NP_001166897.1; chick RBPMS2, Gene ID: 395678, 
NP_990200.1; frog rbpms2.L, Gene ID: 447559, NP_001087735.1; 
frog rbpms2.S, Gene ID: 398092, NP_001081864.1; zebrafish 
rbpms2a, Gene ID: 436682, NP_001002409.1; zebrafish rbpms2b, 
Gene ID: 393229, NP_956553.1
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protein clusters with RBPMS2 from other species and is now 
annotated accordingly as RBPMS2.S. That being said, the 
percent identity between frog Hermes/Rbpms2.S and human 
RBPMS is quite high (76%) [9], which explains why they 
were predicted to be homologs before the existence of a 
separate family of RBPMS2 proteins was appreciated.

Further examination of this phylogenetic tree reveals that 
the protein originally designated as chick HERMES [9, 12] 
also belongs to the RBPMS2 family of proteins (Fig. 1), 
while the protein originally designated as mouse HERMES 
does indeed belong to the RBPMS family as originally pre-
dicted [9]. Given the clear segregation of these proteins 
into two families, and the name HERMES being applied 
indiscriminately to individual members from each family, 
we would advocate for future studies to rely exclusively on 
the annotations found in the NCBI Gene Database (Fig. 1). 
This would reduce or eliminate confusion regarding pre-
cisely what proteins are the subject of any particular study.

A further source of confusion is that the frog and 
zebrafish genomes both contain two copies of the rbpms2 
gene, which encode pairs of nearly identical ( > 90%) pro-
teins [13–16]. This created speculation that the duplicated 
genes are functionally redundant, and experimental evidence 
to support this notion exists in zebrafish [16]. The frog 
Rbpms2 proteins have been referred to variably as Hermes/
Hermesb and Hermesa [9, 13, 17] or Hermes2 and Hermes1 
[14], respectively. In the NCBI Gene Database, the origi-
nal frog Hermes protein [9] is now annotated as Rbpms2.S 
(previous names: Hermes, Hermesb, Hermes2) and its dupli-
cate is classified as Rbpms2.L (previous names: Hermesa, 
Hermes 1) based on the genes’ locations on chromosome 3S 
or 3L, respectively. In zebrafish, the Rbpms2 proteins were 
originally termed zHermes/Hermes1a and Hermes1b [14, 
17, 18] but more recently, they have been called Rbpms2b 
and Rbpms2a, respectively [15, 16], consistent with the 
annotations listed in the NCBI Gene Database (Fig. 1).

Cardiac and Extra‑cardiac Expression 
of RBPMS and RBPMS2

Our interest in RBPMS and RBPMS2 proteins began when 
we identified rpbms2a and rbpms2b in a cell-sorting and 
RNA-sequencing experiment designed to identify novel 
markers of cardiopharyngeal progenitor cells and/or early-
differentiating cardiomyocytes in zebrafish embryos. Both 
transcripts were found to be strongly enriched in a sorted 
population of nkx2.5:ZsYellow + cells at the 16 somites 
stage [19–22]. Consistent with our finding, a previous study 
reported that rbpms2a and rbpms2b become significantly 
downregulated in embryos lacking the same or similar 
cell population to the one that we profiled [23]. Moreo-
ver, a recent study investigating the role of these genes in 

zebrafish oogenesis [16] reported that rbpms2a and rbpms2b 
are expressed in the hearts of zebrafish embryos based on 
in situ hybridization expression analysis [16]. Although 
these expression patterns suggest that rbpms2a and rbpms2b 
localize to the myocardial layer of the zebrafish heart, which 
would be consistent with data from higher vertebrates (see 
below), this notion has yet to be formally investigated 
through co-localization studies. Taken together, these data 
suggest that rbpms2a and rbpms2b are markers of cardio-
myocytes in the zebrafish embryo, which increases the like-
lihood that they are performing indispensable roles in sup-
porting cardiac development and/or function.

Our enthusiasm for pursuing studies on rbpms2a and 
rbpms2b was solidified upon learning that RBPMS and 
RBPMS2 are also highly expressed in cardiomyocytes of 
higher vertebrates, suggesting that putative myocardial func-
tions for these proteins is conserved. The first indication of 
cardiac expression came in 1996, from a multi-tissue north-
ern blot demonstrating that the newly identified RBPMS 
gene exhibits high levels of expression in the adult human 
heart [8]. Three years later, an independent laboratory 
reported that frog rbpms2.S is expressed in a spatiotemporal 
pattern overlapping with the earliest markers of myocardial 
differentiation in lateral mesoderm [9]. At a slightly later 
developmental stage, after formation of the developing heart, 
rbpms2.S expression was found to be widespread throughout 
the myocardial layer.

The same authors also documented expression of chick 
RBPMS2 and mouse Rbpms in the embryonic myocardium 
of these species [9]. The chick embryo initially expresses 
RBPMS2 in a pattern that mirrors expression of the car-
diac transcription factor nkx2.5 [9], which is consistent 
with our identification of rbpms2a and rbpms2b from the 
nkx.2.5 + population in zebrafish embryos. At later embry-
onic stages, RBPMS2 expression was observed in a relatively 
uniform pattern throughout the myocardium at all stages 
analyzed [9, 12]. Similarly, in the mouse embryo, Rbpms 
transcripts were documented specifically in the myocardial 
layer of the developing atrium and ventricle [9].

During adulthood, expression of one or both transcripts 
occurs in the hearts of frog [9], mouse [24], and human [8, 
24]. Consistent with this observation, RBPMS and RBPMS2 
were both isolated in a proteomics screen designed to iden-
tify RBPs expressed in a mouse cardiomyocyte cell line 
[3]. In summary, several lines of evidence demonstrate that 
RBPMS and/or RBPMS2 are specific markers of myocardium 
both during embryogenesis and adulthood in multiple ver-
tebrate species. Ongoing cardiac expression of both factors 
during adulthood suggests that these RBPs might support 
some aspect of myocardial biology continuously throughout 
life, rather than transiently during embryogenesis.

Outside of the heart, a limited number of embryonic lin-
eages express RBPMS2 [9, 12] including undifferentiated 
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gastrointestinal smooth muscle cells (SMCs) in the chick 
embryo [25]. Retinal ganglion cells (RGCs) also express 
high levels of RBPMS and/or RBPMS2 in multiple spe-
cies [9, 14, 16, 26, 27], and both transcripts have been 
used extensively as markers of this cell population. Dur-
ing adulthood, RBPMS and RBPMS2 transcripts have been 
documented outside of the heart in several organs of the frog 
[9], mouse [24], and human [8, 24]. In the adult germ-line, 
oocytes of frogs [13, 28] and zebrafish [16, 18] are highly 
positive for rbpms2. It should be noted that, at least during 
embryogenesis, when in situ hybridization studies can reveal 
expression patterns in the context of whole animals, RBPMS 
and RBPM2 are preferentially expressed in a limited number 
of diverse cell types [9, 12], which suggests that they fulfill 
unique cellular requirements rather than serving as ubiqui-
tous “housekeeping” molecules.

Evidence that Rbpms2.S is a Negative 
Regulator of Myocardial Differentiation 
in Frogs

Because high levels of rbpms2.S expression were observed 
in the frog embryo in a pattern that overlaps spatiotem-
porally with the earliest markers of myocardial differen-
tiation [9], investigators speculated that rbpms2.S might be 
regulating the myocardial differentiation program [28]. A 
two-pronged approach was used test this hypothesis. First, 
embryos were injected with morpholinos to knockdown 
Rbpms2.S expression and morphant animals were analyzed 
for heart defects. Rbpms2.L was knocked down simultane-
ously under the assumption that it likely serves a redun-
dant function. Intriguingly, the double morphant animals 
exhibited cardiac rhythm disturbances, defective looping 
morphogenesis, and disruptions in the tissue architecture of 
the myocardium. However, a control morpholino composed 
of a reversed sequence induced the same phenotype, which 
persuaded the investigators to discount the cardiac pheno-
type as artifact.

As a second approach, the same investigators analyzed 
heart development in embryos injected with mRNA to 
overexpress Rbpms2.S [28]. In approximately 50% of ani-
mals overexpressing Rbpms2.S on one side, the expression 
of myocardial markers was reduced or absent unilaterally. 
When Rbpms2.S was overexpressed on both sides of the 
animal, myocardial cells and heart tubes were completely 
absent in 30% of animals. These data suggested that high 
levels of Rbpms2.S are incompatible with the differentiation 
of embryonic myocardium.

Next, investigators examined Rbpms2.S-overexpressing 
embryos for disruptions in the cardiac progenitor population 
that gives rise to embryonic myocardium [28]. To that end, 
embryos were evaluated for the expression of the cardiac 

progenitor markers gata4 and nkx2.5. Whereas gata4 expres-
sion was not altered by the Rbpm2.S overexpression, nkx2.5 
transcripts were significantly reduced, suggesting that the 
differentiation defect likely arises because of failed initiation 
of nkx2.5 expression. Despite the novelty of this observation, 
it remains unexplored from a mechanistic prospective how 
overexpression of an RNA-binding protein might inhibit 
nkx2.5 expression and myocardial differentiation. Moreo-
ver, based on these results, one might predict that knocking 
down or knocking out rbpms2.S and/or rbpms2.L in frogs 
would cause an overabundance of early-differentiating car-
diomyocytes. However, given the problems associated with 
morpholino-mediated targeting of Rbpms2.S and Rbpms2.L, 
this hypothesis has yet to be tested. Since this initial finding, 
which implicated Rbpms2 in the regulation of myocardial 
differentiation, no additional studies have been performed 
in the ensuing years to further characterize how RBPMS 
and/or RBPMS2 regulate myocardial biology in any model 
organism.

That being said, intriguing reports in 2018 of two new 
rbpms2-null zebrafish strains indicate that embryos devoid 
of Rbpms2 exhibit gross evidence of cardiac distress. 
In one strain, animals were homozygous for an allele of 
rbpms2b, which contained a mutagenic viral insertion [29]. 
In the other, animals were double homozygous for null 
alleles of rbpms2a and rbpms2b created by genome editing 
(rbpms2a−/−, rbpms2b−/−) [16]. Although both manu-
scripts describing the new mutants were largely devoted to 
other subjects, the mutant animals were reported to display 
pericardial edema, which is strongly indicative of structural 
or functional heart defects. It remains unclear why viral dis-
ruption of the rbpms2b locus alone would be sufficient to 
cause pericardial edema on one hand [29], when inactivating 
mutations in both rbpms2a and rbpms2b were required on 
the other [16]. Perhaps the unique mutagenic properties of 
the virus and/or insertion site prevent functional compensa-
tion by rbpms2a that otherwise occurs when animals carry a 
frame-shifting allele of rbpms2b. In summary, the existence 
of rbpms2 mutant zebrafish that display signs of cardiac dis-
tress [16, 29] strongly supports the hypothesis that Rbpms2 
proteins play a regulatory role in heart development or func-
tion in this species and provide strong rationale for exploring 
this role further.

Overview of Roles Played by RBPMS 
and RBPMS2 Outside of the Heart

Inspired by the discovery that Rbpms2.S and Rbpms2.L are 
highly abundant in frog oocytes and become localized to 
the future site of blastomere cleavage during oocyte matura-
tion [13, 28], investigators knocked down both proteins and 
documented a hastening of oocyte maturation [30] and cell 
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cycle arrest in vegetal blastomeres [13]. In both cases, the 
morphant phenotypes were rescued by co-injecting rbpms2 
mRNAs, which decreased the likelihood that the phenotypes 
were artifactual [28]. Unlike for cardiomyocyte differentia-
tion, overexpression of Rbpms2 alone was not sufficient 
to not affect oocyte maturation or blastomere cleavage. In 
a related line of investigation, an independent laboratory 
analyzed oogenesis in zebrafish devoid of both rbpms2a 
and rbpms2b [16]. Despite the presence of an early cardiac 
phenotype, a fraction of the double mutants recover from 
pericardial edema and survive to adult, which allowed for 
an evaluation of oogenesis. From this, investigators learned 
that double mutant animals initiate oocyte differentiation 
and maturation properly, but that oocyte survival is com-
promised. As a result, all double mutants mature sexually as 
males. Mutant oocytes also contain large cytoplasmic inclu-
sions of unknown content. Despite these novel observations, 
the precise molecular mechanism by which Rbpms2 sup-
ports oogenesis remains to be elucidated.

Independent morpholino-based studies have implicated 
Rbpms2 proteins in the regulation of axonal morphogenesis 
in frog and zebrafish RGCs, which express high levels of 
rbpms2 [9, 14]. Morphant animals in both species displayed 
reduced arborization of RGC axons in the optic tectum [14]. 
This phenotype was recapitulated in frogs by overexpressing 
a dominant negative form of Rbpms2. Additionally, a subset 
of RGC axons in zebrafish morphants displayed abnormal 
routing to the optic tectum itself [17].

In the gastrointestinal tract of the chick embryo, RBPMS2 
levels are high in undifferentiated SMCs but fall during their 
differentiation [25]. Therefore, overexpression studies were 
utilized to test the hypothesis that RBPMS2 levels might dic-
tate the differentiation state of SMCs in this context. Inves-
tigators learned that persistent RBPMS2 expression inhib-
ited SMC differentiation in vivo. Furthermore, RBPMS2 
overexpression in primary cultures of differentiated SMCs 
was sufficient to induce dedifferentiation. In both cases, the 
under-differentiated cells displayed increased proliferation 
and reduced contraction.

Taken together, these studies suggest that, outside of the 
heart, RBPMS2 performs essential functions in regulating 
oocyte biology, axonal branching, and the differentiation 
state of smooth muscle. An emerging theme from these 
studies is that overexpression of RBPMS2 can inhibit the 
differentiation of two types of muscle, cardiac muscle in 
frogs [28] and smooth muscle in the gastrointestinal tract 
of the chick [25]. Further analyses will be required to deter-
mine if RBPMS2 uses common molecular mechanisms to 
regulate differentiation across different muscle cell types. 
Lastly, despite several loss of function studies focused on 
RBPMS2, to our knowledge, the only knockdown study 
designed to examine the role of Rbpms in the context of a 
multicellular organism has occurred in zebrafish embryos, 

which demonstrated that morpholino-mediated knockdown 
reduced developmental erythropoiesis [15].

Molecular Activities of RBPMS and RBPMS2 
Proteins

Several studies have investigated the molecular activities 
of RBPMS and RBPMS2 proteins. Not surprisingly, both 
proteins are present in RNA-containing complexes and 
can bind RNA directly in vitro and in vivo [3, 24, 25, 28, 
30–34]. They also form homodimers or oligomers in vitro 
and in vivo [16, 24, 28, 31, 33, 34]. Homodimerization 
does not require the presence of RNA [28, 33, 34]. Dele-
tion and mutational analyses have revealed that the RRM 
domain, and in some cases the specific amino acids therein, 
are required for mediating the interactions with RNA [28, 
33, 34], facilitating protein–protein interactions [33–35], 
dictating subcellular localization [14, 16, 33] and regulat-
ing muscle cell differentiation [28, 34]. Requirements for 
C-terminal regions, which are outside of the RRM, have 
also been noted for roles in RNA binding, dimerization, and 
subcellular localization in certain contexts [16, 24, 28, 31].

Identification of RNA Targets and the RNA 
Response Element

A handful of specific RNAs have been identified that inter-
act directly or indirectly with Rbpms2 in oocytes of frog 
or zebrafish [30–32]. Moreover, the mRNA encoding the 
secreted BMP antagonist NOGGIN has been identified as a 
target of RBPMS2 in SMC precursors of the chick gastroin-
testinal tract [25, 34].

Recently, an unbiased approach was used to identify RNAs 
associated directly with RBMPS in cultured human embry-
onic kidney cells [24]. Termed PAR-CLIP [36], this method 
involves crosslinking RNAs and proteins, immunoprecipitat-
ing the protein of interest, and next-generation sequencing 
to identify associated RNAs. Because endogenous RBPMS 
is expressed at low levels in their chosen culture system, 
HEK293 cells, investigators overexpressed and immunopre-
cipitated an epitope-tagged version of RBPMS [24]. This 
analysis identified ~ 6200 binding sites for RBMPS within the 
HEK293 transcriptome that were contained primarily within 
exons, introns, and 3′UTRs of messenger RNAs. A GO-term 
analysis did not reveal enrichment for any particularly spe-
cific biological functions for the target genes. However, this 
effort identified and validated the RNA recognition element 
(RRE) as tandem copies of the tri-nucleotide sequence CAC 
separated by a variable spacer region of 1 to 9 nucleotides 
[24]. Additional reports suggest that tandem copies of GCAC 
with greater than 6 nucleotides between them are the preferred 
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RRE [31, 37]. While these efforts were instrumental in char-
acterizing the preferred binding site for RBPMS, because the 
PAR-CLIP was performed from an embryonic kidney cell line, 
rather than heart tissue, the cardiac specific targets would have 
gone unidentified.

Molecular Functions of RBPMS and RBPMS2 
Revealed Through RNA and Protein 
Interactions

During oocyte maturation in frogs and zebrafish, Rbpms2 
functions to repress the translation of target mRNAs and/
or traffic them to a specific region of the oocyte [30–32]. 
In SMC precursors of the developing gastrointestinal tract, 
RBPMS2 overexpression increases the abundance of NOG-
GIN mRNAs likely by facilitating an interaction between 
components of the translational machinery and the NOGGIN 
mRNA [25, 34]. In RGCs, RBPMS and RBPMS2 proteins 
localize to cytoplasmic granules throughout axons or den-
drites suggesting a function in RNA transport and localiza-
tion [14, 38, 39]. In cultured human embryonic kidney cells, 
knocking down or overexpressing RBPMS does not appear 
to influence transcript abundance or alternative splicing [24]. 
However, exposing cells to oxidative stress causes RBPMS 
and RBPMS2 proteins to localize to stress granules, which 
led the authors to speculate that these proteins function in 
context-dependent RNA localization. Taken together, several 
lines of evidence in non-cardiac cells suggest that RBPMS-
RNA interactions serve to regulate the translocation and/or 
translational efficiency of target RNAs.

Protein–protein interactions have also provided some 
clues to molecular function. Not surprisingly, Rbpms and 
Rbpms2 proteins interact with components of ribonucleic 
particles in frog oocytes [31, 32, 40] and cultured mouse 
RGCs [38], consistent with the notion that they function in 
one or more aspects of RNA handling. RBPMS2 binds to a 
regulator of translational elongation to control mRNA accu-
mulation [34]. RBPMS2 has also forms complexes with two 
pre-mRNA splicing factors [35, 41], which is the only evi-
dence to our knowledge that these proteins might be involved 
in the regulation of pre-mRNA splicing. Lastly, RBPMS has 
been shown to interact with Smad proteins, the TGFβ type 
I receptor, and c-Fos to positively regulate TGFβ signaling 
[42] and negatively regulate AP-1 activity [43].

Role in Normal Physiology and Disease 
States

Changes in expression of RBPMS and RBPMS2 have been 
documented in several forms of cancer [44–48] and over-
expression of RBPMS in breast cancer cells impairs breast 
cancer cell proliferation and migration through inhibition of 

AP-1 activity [43]. RBPMS2 transcripts are upregulated in 
pediatric patients with chronic intestinal pseudo-obstruction 
[25]. SNPs near RBPMS have also been linked to higher 
changes in heart rate after 20 weeks of endurance training 
[49]. More recently, a genome-wide associated study identi-
fied RBPMS as a locus associated with two erythrocyte traits 
including mean corpuscular volume and mean corpuscular 
hemoglobin [15].

Unanswered Questions

Despite the observation that RBPMS and RBPMS2 appear 
to be universal markers of myocardium in vertebrates and 
the experimental evidence that frog and zebrafish Rbpms2 
proteins regulate one or more aspects of cardiac biology, 
the answers to many important questions await further 
experimentation.

1. What are the cellular and organ-wide consequences of 
inactivating Rbpms2 in zebrafish? We know that null 
animals exhibit signs of cardiac distress, but why? Pos-
sibilities include defects in cardiomyocyte differentia-
tion, proliferation, survival, and contractility that could 
impair cardiac output directly and/or through alterations 
in cardiac morphology (Fig. 2).

2. What are the RNA targets of Rbpms2 in myocardium? 
None of the previously identified RNA targets of 
RBPMS or RBPMS2 in other tissues hold obvious rel-
evance to supporting the unique needs of myocardium, 
suggesting that the identification of myocardial targets is 
likely to occur through unbiased, rather than candidate-
based, strategies.

3. What is the molecular function of Rbpms2 in myocar-
dium? Although RBPMS and RBPMS2 proteins have 
been shown to regulate translation, translocation, and 
stability of specific RNAs in other cell types, their 
molecular function in myocardium may or may not be 
the same. Once candidate targets are identified, analyz-
ing their production, processing, localization, transla-
tional output, and/or stability in mutant animals will pro-
vide a strong indication of molecular function (Fig. 2). 
Additional clues are likely to come from the identifica-
tion of proteins with known molecular functions that 
interact with RBPMS and RBPMS2 in cardiomyocytes.

4. Does knocking out RBPMS and/or RBPMS2 in the 
mouse cause a heart phenotype? Although mouse hearts 
express Rbpms and Rbpms2 [9, 24], it remains unknown 
how knocking out these genes in this species could nega-
tively affect cardiac development or function because 
null mice have yet to be derived. When compared to 
zebrafish, the mouse heart more closely resembles the 
human form in terms of chamber number and cardiomy-
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ocyte properties during adulthood. Therefore, additional 
insights are likely to be garnered by extending studies to 
the mouse.

5. Are mutations in RBPMS and/or RBPMS2 responsi-
ble for heart disease in the human population? To our 
knowledge, neither the RBPMS nor RBPMS2 locus has 
yet to be linked to heart disease in genome-wide associa-
tion studies. We are also unaware of any studies where 
these loci were found to contain damaging mutations in 
congenital heart disease or heart failure cohorts. None-
theless, the mutations responsible for many diseases in 
both categories remain uncharacterized. If mouse knock-
outs and/or cardiomyocytes derived from genetically 
modified human iPS cells were to show phenotypes, then 
the likelihood that disease-causing mutations exist in the 
human population would increase accordingly. If they do 
not exist, then perhaps mutations in these genes cause 
embryonic lethality. Alternatively, redundancy between 
RBPMS and RBPMS2 might eliminate the possibility 
that mutations in either gene are responsible for causing 
heart disease. Even if mutations within these genes are 
not causal, perhaps alterations in the levels of RBPMS 
and/or RBPMS2 that arise from other mutations or 
environmental stresses might contribute to disease 
pathogenesis. If so, then manipulation of RBPMS and/
or RBPMS2 activity might prove therapeutic. Lastly, if 
the specific RNA targets of either protein are themselves 
involved in disease pathogenesis, then the inherent bind-
ing capabilities of either protein might be leveraged as a 
means to alter the expression levels of targets for thera-
peutic benefit.
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