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Abstract

The importance of tightly controlled alternative pre-mRNA splicing in the heart is emerging.

The RNA binding protein Rbm24 has recently been identified as a pivotal cardiac splice fac-

tor, which governs sarcomerogenesis in the heart by controlling the expression of alternative

protein isoforms. Rbm38, a homolog of Rbm24, has also been implicated in RNA processes

such as RNA splicing, RNA stability and RNA translation, but its function in the heart is cur-

rently unknown. Here, we investigated the role of Rbm38 in the healthy and diseased adult

mouse heart. In contrast to the heart- and skeletal muscle-enriched protein Rbm24, Rbm38

appears to be more broadly expressed. We generated somatic Rbm38 -/- mice and show

that global loss of Rbm38 results in hematopoietic defects. Specifically, Rbm38 -/- mice

were anemic and displayed enlarged spleens with extramedullary hematopoiesis, as has

been shown earlier. The hearts of Rbm38 -/- mice were mildly hypertrophic, but cardiac

function was not affected. Furthermore, Rbm38 deficiency did not affect cardiac remodeling

(i.e. hypertrophy, LV dilation and fibrosis) or performance (i.e. fractional shortening) after

pressure-overload induced by transverse aorta constriction. To further investigate molecular

consequences of Rbm38 deficiency, we examined previously identified RNA stability, splic-

ing, and translational targets of Rbm38. We found that stability targets p21 and HuR, splic-

ing targets Mef2d and Fgfr2, and translation target p53 were not altered, suggesting that

these Rbm38 targets are tissue-specific or that Rbm38 deficiency may be counteracted by a

redundancy mechanism. In this regard, we found a trend towards increased Rbm24 protein

expression in Rbm38 -/- hearts. Overall, we conclude that Rbm38 is critical in hematopoie-

sis, but does not play a critical role in the healthy and diseased heart.

Introduction

Heart disease is one of the major causes of death in the Western world, but the underlying

molecular mechanisms are not entirely understood. Recently, it has become clear that RNA

splicing underlies functional properties of the heart [1, 2]. Mutations in the RNA-binding pro-

tein (RBP) and splicing factor RNA-binding motif protein 20 (RBM20) cause an aggressive
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form of dilated cardiomyopathy (DCM) [3–5]. In addition, RNA-binding motif 24 (Rbm24)

has recently been shown to play an important role in cardiac development and sarcomerogen-

esis through alternative splicing regulation of at least 68 genes [6]. Rbm38 (or RNPC1) is a

homolog of Rbm24, but its function in the heart is currently unknown. Rbm38 shares several

targets with Rbm24; for instance they both regulate the stability of p21 and p63 mRNA [7–11].

Furthermore, the C Elegans ortholog of Rbm24 and Rbm38, SUP-12, has been implicated in

muscle-specific splicing of ADF/cofilin and fibroblast growth factor receptor 2 (Fgfr2) [12,

13]. Moreover, Rbm38 has been shown to regulate splicing of Fgfr2 in epithelial cells [14].

However, while Rbm24 is expressed specifically in heart- and skeletal muscle, Rbm38 appears

to be expressed in a wider range of tissues and cell-types, but some discussion exists about its

exact expression pattern. For instance, Miyamoto et al. show enriched expression of Rbm38 in

heart- and skeletal muscle, while others have shown specificity of Rbm38 in erythrocytes [15,

16]. Rbm38 has been implicated, like many other RBPs, in the regulation of RNA processes

such as RNA splicing, RNA stability, RNA translation, and microRNA accessibility to mRNA

targets [10, 16–18]. In erythrocytes, Rbm38 has recently been identified as a critical regulator

of cell maturation, where it mediates alternative splicing of regulators of blood cell maturation

such as EPB41, Mef2d, and CYB5A [15, 18, 19]. Rbm38 knockout mice are, not surprisingly,

susceptible to hematopoietic defects, as well as accelerated aging and spontaneous tumors [20].

Rbm38 is intimately connected with the p53 pathway, and is required for proper function-

ing of p53 [11, 21–24]. Along these lines, Rbm38 knockout mice have increased expression of

p53 in multiple tissues and cells (i.e. spleen, thymus and embryonic fibroblasts), which likely

contributes to their increased tumor penetrance [20]. In multiple types of cancer, e.g. breast-

and colorectal cancer, Rbm38 expression is regulated, which indicates that Rbm38 function

may represent a clinically relevant target [25, 26]. Several members of the p53 transcription

factor family are targeted by Rbm38, either through RNA stability or RNA translation. Among

these family members, Rbm38 stabilizes mRNAs of p21 and p73, while it destabilizes p63

mRNA [9, 11, 22]. Interestingly, phosphorylation of Rbm38 by glycogen synthase kinase 3

(GSK3) converts Rbm38 from a translational repressor to an activator [24]. Phosphorylated

Rbm38 interacts with eukaryotic translation factor eIF4E, which facilitates translation of the

p53 mRNA [24]. In addition, Rbm38 regulates several targets downstream of the p53-pathway,

such as p21, DDIT4, LATS2, and Rbm38 itself, by inhibiting miRNA accessibility of their

mRNAs [21]. Whether Rbm38 also regulates p53 levels in the heart is currently unknown, but

potentially highly relevant since p53 was recently shown to exhibit anti-angiogenic properties

in the heart. In this regard, blocking p53 expression in mice was shown to counteract maladap-

tive cardiac remodeling by stimulating Hif-1 mediated angiogenesis after sustained pressure

overload [27].

Recent insight into the importance of alternative splicing in the heart has spurred the inter-

est in uncovering the roles of RNA-binding proteins in the heart, but the role of Rbm38 has

not yet been studied. This led us to hypothesize that Rbm38 is required for cardiac homeostasis

and function. In this study we found that the expression of Rbm38 is dispensable in the heart,

both at baseline and during pressure overload-induced cardiac remodeling. Furthermore, loss

of Rbm38 might be compensated by upregulation of the closely related RBP Rbm24.

Materials and methods

Rbm38 knockout mouse generation

C57Bl/6N embryonic stem (ES) cells with a conditional Rbm38 knockout allele were obtained

from the International Knockout Mouse Consortium (Knockout-first alleles, UC Davis, www.

komp.org, MGI:1889294) and generated by the Wellcome Trust Sanger Institute [28]. The

Rbm38 in the mouse heart
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knockout allele consists of a neomycin and LacZ cassette, together with LoxP and Flp sites,

flanking exons 3 and 4. Targeted ES cells were pronuclear injected in blastocysts (FVB back-

ground). After germline transmission, the neomycin and LacZ cassete were excised, by cross-

ing with Flp-mice (FVB background). To get a total body (heterozygous) knockout, we

crossed conditional Rbm38 +/- with CMV-Cre mice (FVB background). Rbm38 +/- were

crossed with wildtype FVB mice at least 6 additional times to obtain a pure background. All

animal studies were approved by the Institutional Animal Care and Use Committee of the

University of Amsterdam (approval# DCA57AC-1), and in accordance with the guidelines of

this institution and the Directive 2010/63/EU of the European Parliament.

Echocardiography

Echocardiography was performed as previously described [29]. In short, anesthetized mice

(2.5% isoflurane) were subjected to transthoracic two-dimensional echocardiography (Vevo

770 Ultrasound, Visual Sonics), using a 30-Mhz linear array transducer to measure LV func-

tion and dimensions. Left ventricular internal diameters were measured using M-mode trac-

ings in parasternal short axis view at end-systole and end-diastole.

Transverse aorta constriction (TAC) surgery

TAC surgery was performed to induce sustained LV pressure overload, as previously described

[29]. 8–10 weeks old wildtype and Rbm38 knockout mice (FVB) were subjected to TAC or

sham surgeries. In short, the aortic arch was constricted with a ligature between the truncus

brachiocephalus and the arteria carotis communis sinistra around a 27G needle, which was

removed immediately after constriction to (partially) restore blood flow. Sham-operated ani-

mals underwent the exact same procedure, but without the aortic ligation. As analgesia, mice

were injected subcutaneously with Carprofen (Pfizer, 5 mg/kg) and Temgesic (0.05 mg/kg),

prior to surgery and the first 3 days after surgery. While under anesthesia from echocardiogra-

phy, all mice were sacrificed by cervical dislocation 7 weeks after surgery. Number of animals

per group: wildtype sham n = 7, wildtype TAC n = 8, Rbm38 -/- sham n = 3, Rbm38 -/- TAC

n = 7.

Primary cell isolation

Neonatal rat cardiomyocytes and fibroblasts were isolated as previously described [30]. Briefly,

hearts of 1–3 day old Wistar hearts were excised, ventricles were cut into small pieces, and left

overnight to rotate in Hank’s Balanced Salt Solution (HBSS)(Gibco) with 1 mg/ml Trypsin

(Affymetrix) at 4˚C. Cells were dissociated the next day with 1 mg/ml collagenase type 2

(Worthington) in HBSS. Total cell suspension was pre-plated to separate cardiomyocytes from

fibroblasts. After 2 hours, non-adherent cells (cardiomyocytes) were collected, counted, and

plated on fibronectin (Corning) coated plates (5 x 10^6 cells/10 cm plate). Adherent cells

(fibroblasts) were passaged at least once to obtain a pure fibroblast population. Adult mouse

cardiomyocytes were isolated by enzymatic dissociation on a Langendorff-setup as previously

described [31], and plated on laminin (Sigma) coated coverslips.

RNA isolation, cDNA preparation and (q)RT-PCR

RNA was isolated using TRIreagent (Sigma-Aldrich) according to manufacturer’s protocol.

Human RNA tissue panel was acquired from Clontech (Human Total RNA Master Panel II).

cDNA was synthesized using SuperScript II (Invitrogen) following manufacturer’s protocol.

500 ng of total RNA was treated with DNAse I (Invitrogen), and subsequently used to generate

Rbm38 in the mouse heart
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cDNA. qRT-PCR was performed using SYBR Green (Roche) on a Lightcycler 480 system II

(Roche). In case of multi-tissue qPCRs, the geometric mean of multiple reference genes was

used [32]. Analysis of qRT-PCR data was done using LinRegPCR analysis software [33]. End-

point RT-PCR was performed with Hot Fire Taq polymerase (Solis Biodyne) according to a

standard protocol. All primer sequences can be found in S1 Table.

Protein isolation and Western blotting

Protein was isolated in RIPA buffer (50mM Tris-HCl pH8, 150mM NaCl, 1% NP-40, 0.2%

sodium deoxycholate, 0.1% SDS, 1 mM Na3VO4, 1 mM PMSF) supplemented with protease

inhibitor cocktail (Roche). Protein concentration was measured using a BCA assay (Pierce).

Western blotting was performed following standard protocols. Proteins were resolved by

SDS-PAGE, transferred to PVDF membranes (Bio-Rad), and incubated with primary antibod-

ies overnight at 4˚C. Membranes were subsequently incubated with HRP-conjugated second-

ary antibodies for 1 hour at room temperature. Western blots were developed with ECL prime

western blotting detection agent (Amersham Biosciences). Western blots were quantified

using AIDA Image Analyzer v4.26 software. Antibodies used can be found in S1 Table.

Histological analysis

Histological analysis was carried out as previously described [29]. Mouse hearts were fixed

overnight in 4% paraformaldehyde, transferred to 70% ethanol, dehydrated, and embedded in

paraffin using standard techniques. Sections of 5 μm thickness were stained with hematoxylin

and eosin, or picrosirius red. To quantify the amount of fibrosis, 5 pictures of the Sirius Red

stained sections per LV were taken with a light microscope (20x magnification). From these

pictures, the Sirius Red positive area was automatically calculated as a percentage of the total

tissue area using an in-house made quantification macro in ImagePro 6.2. This macro pro-

vided the total amount of tissue pixels and the Sirius Red positive pixels per picture by manual

threshold settings. Perivascular fibrosis was manually omitted from the pictures.

Statistical analysis

Data are presented as mean ± sem, and were analyzed with appropriate statistical tests, as

indicated in the respective figure legend. A value of p< 0.05 was considered statistically

significant.

Results

Rbm38 mRNA is ubiquitously expressed

Rbm38, a known homolog of the heart- and muscle- specific splice factor Rbm24, shares 68%

sequence identity at the amino acid level with Rbm24 (Fig 1A). Within the RNA recognition

motif (RRM) the homology is even 97%, suggesting Rbm38 is able to bind similar RNA

sequences as Rbm24. In order to investigate the expression pattern of Rbm38 and Rbm24, we

performed quantitative PCR (qPCR) on cDNA derived from a wide range of human and

mouse tissues. We found Rbm38 to be ubiquitously expressed, with the most abundant expres-

sion in hematopoietic tissues such as the spleen and bone marrow, and moderate expression in

other tissues such as heart- and skeletal muscle (mouse tissue panel in Fig 1B, human tissue

panel in S1 Fig). In line with previous studies, we detected Rbm24 mainly in heart- and skeletal

muscle (Fig 1B and S1 Fig) [16, 34]. In wildtype C57/Bl6 mice, we found a decrease of Rbm38

mRNA 12 weeks after TAC (ejection fraction of failing hearts < 20%, ejection fraction of

hypertrophied hearts > 35%) (Fig 1C). With respect to cellular expression within the heart, we

Rbm38 in the mouse heart
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found Rbm38 to be expressed in both cardiomyocytes and fibroblasts, as determined by qPCR

on isolated neonatal rat cardiomyocytes (NRCM) and neonatal rat fibroblasts (NRF) (Fig 1D).

Considering the homology with the pivotal cardiac splice factor Rbm24, we hypothesized that

Rbm38 plays a role in cardiac remodeling.

Generation of Rbm38 knockout mice

To study the function of Rbm38 in the heart, we generated Rbm38-deficient mice by targeted

disruption of exon 3 and 4 of the Rbm38 gene. The mouse Rbm38 gene encompasses 5 exons

and spans ~ 13 kb of genomic DNA. The open reading frame of Rbm38 starts in exon 2, and

Fig 1. Rbm38 is ubiquitously expressed. A. Sequence identity of mouse Rbm24 and Rbm38. RRM represents the RNA-recognition motif, including the

submotifs RNP1 and RNP2. B. qPCR of Rbm24 and Rbm38 in mouse tissues. Left ventricular (LV) heart tissue is highlighted in red. Values are corrected

for the geometric mean of the following reference genes: Gapdh, Hprt, Pgk1, Rpl32, and Tbp. C. qPCR of Rbm38 in sham-operated and TAC-operated

wildtype mice (C57/Bl6) 12 weeks after surgery. Hypertrophied mice were TAC-operated mice with an ejection fraction > 35%, failing mice were TAC-

operated mice with an ejection fraction < 20%. D. qPCR of Rbm38 in neonatal rat cardiomyocytes (NRCM) and neonatal rat fibroblasts (NRF). Significance

was tested with a 2-tailed Student’s t-test, * indicates p < 0.05 versus sham.

https://doi.org/10.1371/journal.pone.0184093.g001
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the RNA recognition motif is located in exons 2 and 3. The deletion of exons 3 and 4 is pre-

dicted to result in a premature stop codon, which would either lead to nonsense-mediated

decay of the mRNA or the production of a truncated protein (108 amino acids) with a dis-

rupted RNA-binding domain. As shown in Fig 2A, Rbm38 -/- mice were successfully targeted,

as they express an Rbm38 transcript that lacks exon 3 and 4, which was confirmed by Sanger

sequencing (S2A Fig). We also detected a transcript with a splice junction from an alternative

5’ splice site in exon 2 (23 bp upstream of the conventional 5’ splice site) to exon 5. This tran-

script is predicted to produce a truncated protein of 70 amino acids (S2B Fig). The expression

level of these shorter transcripts was slightly lower than the wildtype transcript, suggestive of

some level of nonsense mediated decay. The wildtype Rbm38 transcript was undetectable in

the hearts of Rbm38 -/- mice, as qRT-primers designed within exon 4 and 5 did not amplify

any product in the Rbm38 -/- hearts (Fig 2B).

Rbm38 knockout mice have hematopoietic defects

Mice homozygous for the mutant Rbm38 allele were born in normal Mendelian ratios, were

viable and did not show overt abnormalities. However, at autopsy we noticed that the spleens

of Rbm38 -/- mice were enlarged and measuring the spleen weight/body weight ratio revealed

that Rbm38 -/- spleens were almost 2-fold heavier than wildtype spleens (Fig 2C and 2D).

H&E staining of the spleens of wildtype and Rbm38 -/- mice revealed extensive extramedullary

hematopoiesis (EMH) as evidenced by increased numbers of nucleated red blood cells (Fig

2E). Blood analysis revealed decreased hemoglobin levels, indicating that Rbm38 -/- mice are

anemic (Fig 2F). This suggests that the enlarged spleen with EMH is likely a compensatory

mechanism for the anemia seen in the Rbm38 -/- mice. Overall, these data recapitulate the

hematopoietic defects seen in the recently published Rbm38 -/- mouse model [20].

Cardiac performance of Rbm38 knockout mice

We used M-mode echocardiography to functionally characterize the hearts of the Rbm38 -/-

mice at 8–11 weeks of age (Table 1). Interestingly, left ventricular anterior wall thickness

(LVAW) during systole was significantly increased in the Rbm38 -/- hearts compared to wild-

type hearts (1.51±0.04 versus 1.39±0.03, p = 0.03). We also found increased fractional shorten-

ing (FS) in Rbm38-/- mice, but these data did not reach statistical significance (30.3±1.0 versus

28.2±0.6, p = 0.06). This indicates that the hearts of Rbm38 -/- mice were moderately hypertro-

phied, with a potentially small positive effect on cardiac function.

Rbm38 is dispensable during pressure overload in the mouse heart

To uncover a potential role of Rbm38 during pressure overload-induced cardiac remodeling,

we subjected Rbm38 -/- and wildtype littermates to 7 weeks of TAC. While pressure overload

increased cardiac dimensions in both genotypes, histological analysis revealed no gross mor-

phological differences between wildtype and Rbm38 -/- hearts (Fig 3A). In addition, both wild-

type and Rbm38 -/- mice showed a significant increase in heart weight/body weight ratio

(HW/BW), and a trend towards increased lung weight/body weight ratio (LW/BW) upon

TAC (Fig 3B and S3 Fig). 2-way ANOVA did not reveal statistically significant interaction

between genotype and TAC intervention. Furthermore, the stress marker atrial natriuretic

peptide (Nppa) was induced to a similar extent in wildtype and Rbm38 -/- hearts after TAC

(Fig 3C). Echocardiographic analysis showed similar increases in wall thickness (LVAW;d)

and similar decreases in fractional shortening in response to TAC in wildtype and Rbm38 -/-

mice (Fig 3D and 3E). Left ventricular internal diameter (LVID) was not increased in response

to TAC, neither did we observe differences between wildtype or Rbm38 -/- mice (Fig 3F).

Rbm38 in the mouse heart
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Picrosirius red staining of sections of wildtype and Rbm38 -/- hearts revealed no differences in

the amount of fibrosis after TAC (Fig 3G and 3H). Even though we saw a trend towards

decreased fibrosis at baseline in the hearts of Rbm38 -/- mice, both in histological analysis and

at mRNA expression level of Col1a1 and Col3a1 (Fig 3H–3J), this difference did not reach sta-

tistical significance. In conclusion, cardiac remodeling progressed independent of Rbm38, as

we found no significant differences between wildtype and Rbm38 -/- mice after TAC.

Fig 2. Rbm38 knockout mice have hematopoietic defects. A. RT-PCR of Rbm38 mRNA transcript in wildtype and Rbm38 -/- hearts. Δex3-4

represents the transcript lacking exon 3 and 4. B. qPCR of wildtype Rbm38 mRNA with primers designed within exon 4 and 5. C. Representative

photograph of a wildtype and Rbm38 -/- spleen of 15–18 weeks old mice. D. Spleen weight/body weight ratio of 15–18 weeks old wildtype (n = 7) and

Rbm38 -/- mice (n = 3). E. Representative images of H&E staining on section of wildtype and Rbm38 -/- spleens. Note the increased number of

nucleated red blood cells in the splenic red pulp indicative of extramedullary hematopoiesis (EMH). F. Hemoglobin levels in the blood of wildtype

(n = 7) and Rbm38 -/- mice (n = 5). Significance was tested with a 2-tailed Student’s t-test, * indicates p < 0.05 versus wildtype.

https://doi.org/10.1371/journal.pone.0184093.g002
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Regulation of previously identified Rbm38 targets in Rbm38 -/- hearts

We next asked whether the loss of Rbm38 in the heart would affect previously identified targets

of Rbm38. First, we analyzed the RNA stability targets p21, p63, and HuR in the hearts of

Table 1. Echocardiography of 8–11 weeks old wildtype and Rbm38 -/- mice.

Wildtype (n = 15) Rbm38 -/- (n = 13) p-value

LVID;d 3.94 ± 0.04 3.89 ± 0.04 0.46

LVID;s 2.83 ± 0.04 2.71 ± 0.07 0.07

LVAW;d 1.04 ± 0.03 1.11 ± 0.13 0.13

LVAW;s 1.39 ± 0.03 1.51 ± 0.04 0.03

LVPW;d 0.74 ± 0.03 0.77 ± 0.03 0.40

LVPW;s 1.00 ± 0.03 1.01 ± 0.03 0.84

%FS 28.21 ± 0.59 30.34 ± 0.96 0.06

%EF 55.06 ± 0.91 58.20 ± 1.37 0.06

LVID: left ventricular internal diameter, LVAW: left ventricular anterior wall thickness, LVPW: left ventricular posterior wall thickness, %FS: percentage

fractional shortening, %EF: percentage ejection fraction, ;d is during diastole, and ;s is during systole. Data are presented as mean ± sem, and were tested

with a 2-tailed Student’s t-test.

https://doi.org/10.1371/journal.pone.0184093.t001

Fig 3. Rbm38 is dispensable during pressure overload-induced cardiac remodeling. A. Representative images of H&E stained sections of

wildtype and Rbm38 -/- hearts 7 weeks after sham or TAC surgery. B. Heart weight/body weight ratios of wildtype and Rbm38 -/- mice C. ANF levels

were measured by qPCR in wildtype and Rbm38 -/- mice. D-F. Echocardiographic parameters in wildtype and Rbm38 -/- mice G. Representative images

of Picrosirius red stained sections of wildtype and Rbm38 -/- hearts H. Quantification of fibrosis. I-J. Col1a1 and Col3a1 mRNA levels measured by

qPCR. Number of animals per group: wildtype sham n = 7, wildtype TAC n = 8, Rbm38 -/- sham n = 3, Rbm38 -/- TAC n = 7. Statistical significance was

tested by a 1-way ANOVA with LSD posthoc-testing, * indicates p < 0.05 versus sham.

https://doi.org/10.1371/journal.pone.0184093.g003
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Rbm38 -/- mice [10, 11, 17], but we found no regulation of p21 and HuR mRNA (Fig 4A and

4B). We did find downregulation of p63 mRNA in Rbm38 -/- sham hearts compared to wild-

type sham hearts, which is contradictory to what we expected (Fig 4C). In this regard, Rbm38

has been shown to destabilize the p63 transcript, so upon loss of Rbm38 we expected to find an

increase in p63 mRNA levels. Hypoxia inducable factor 1α (Hif1α) is another stability target

gene of Rbm38 in the breast- and colon carcinoma cell lines MCF7 and HCT116 [35]. We

therefore examined the expression of one of the direct Hif1α-target genes, Vegfa. As shown in

Fig 4D, we found no differences in Vegfa expression, suggesting Hif1α was not regulated in

the Rbm38 -/- hearts. To investigate the splicing potential of Rbm38 in the heart we performed

(q)RT-PCRs for the previously identified Rbm38 splicing targets myocyte enhancer factor 2D

(Mef2d) and Fgfr2 [14, 19]. We quantified the ratio of exon α1/α2 inclusion in Mef2d using

qPCR, and performed RT-PCR to investigate exon 8a/8b inclusion in Fgfr2 and found no evi-

dence of splicing changes of these genes in the hearts of Rbm38 -/- mice (Fig 4E and 4F). Next,

we investigated some of these Rbm38 targets in the spleens of Rbm38 -/- mice. We first exam-

ined Rbm38 expression in Rbm38 -/- spleens, and as expected the Rbm38 trancript was unde-

tectable in Rbm38 -/- spleens (S4A Fig). We then analyzed the stability targets HuR and p21,

but did not find regulation of HuR mRNA. We did, however, find a striking upregulation of

p21 mRNA (S4B and S4C Fig). Rbm38 is known to stabilize p21, so the upregulation of p21 is

opposite to what was expected upon loss of Rbm38. The splicing target Mef2d, which was

Fig 4. Regulation of previously identified Rbm38 targets. A-D. qPCR analysis of previously identified Rbm38 targets in hearts of wildtype and Rbm38

-/- mice. E. qPCR analysis of Mef2d exon a1 or a2 inclusion. F. RT-PCR of Fgfr2 exon 8a or 8b inclusion. G. Western blot of p53 in wildtype versus Rbm38

-/- hearts. Spleen (Spl) serves as a positive control for p53 protein expression. H. Western blot of HuR in wildtype versus Rbm38 -/- hearts. Statistical

significance was tested by a 1-way ANOVA with LSD posthoc-testing, * means p < 0.05 versus wildtype.

https://doi.org/10.1371/journal.pone.0184093.g004
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identified in red blood cells [19], seemed to be affected in Rbm38 -/- spleens, as we found a

decrease in the exon α1/α2 inclusion ratio (p = 0.07) (S4D Fig). It is conceivable that splicing

differences in Mef2d were only found in Rbm38 -/- spleens, and not in Rbm38 -/- hearts, due

to the large number of maturing red blood cells in this organ. Lastly, we examined toll-like

receptor 7 (TLR7), an Rbm38 target identified in Rbm38 -/- mouse embryonic fibroblasts

(MEFs) [20], in the spleens and hearts of Rbm38 -/- mice. Although TLR7 was upregulated in

Rbm38 -/- MEFs, we could not recapitulate this finding in either Rbm38 -/- spleens or hearts

(S4E and S4F Fig).

We next wondered whether targets of Rbm24 could be affected, as Rbm24 and Rbm38 are

highly alike, but we observed no differences in the known splicing targets of Rbm24 Coro6

and aNAC/skNAC (S5 Fig) [6]. We also examined the expression of p53 protein, a transla-

tional target of Rbm38 in lymphomas in Rbm38 -/- hearts [23]. Although we could readily

detect p53 protein in the spleen, we were not able to detect p53 protein in the hearts of wild-

type and Rbm38 -/- mice, neither in the healthy heart, nor after TAC surgery (Fig 4G). We

also examined HuR protein levels in wildtype and Rbm38 -/- hearts, and even though we

found no regulation on mRNA level, HuR protein levels were substantially decreased in the

hearts of Rbm38-/- mice (Fig 4H and S6 Fig).

Loss of Rbm38 might be functionally compensated by Rbm24

Since most previously reported target genes of Rbm38 do not show any differences in the

hearts of Rbm38 -/- mice, we investigated whether redundancy with Rbm24 may have

accounted for the lack of target regulation. Therefore, we performed qPCR and Western blot-

ting of Rbm24, the closely related family member of Rbm38. Interestingly, we found no differ-

ence in Rbm24 mRNA levels, but we did see a trend of increased Rbm24 protein in Rbm38-/-

hearts (p = 0.08) (Fig 5A and 5B and S6 Fig). This suggests that Rbm24 might functionally

compensate for the loss of Rbm38 in Rbm38 -/- hearts, but additional studies are needed to

test this hypothesis.

Discussion

Here, we investigated the role of Rbm38 in the healthy and diseased heart. We found that

Rbm38 is readily expressed in the heart, but that it is expressed most abundantly in hematopoi-

etic tissues such as the spleen and bone marrow. We generated somatic Rbm38 -/- mice and

Fig 5. Rbm24 is upregulated in Rbm38 -/- hearts. A. Rbm24 mRNA levels were measured by qPCR. B. Western blot of Rbm24 in wildtype versus

Rbm38 -/- hearts. Statistical significance was tested by a 1-way ANOVA with LSD posthoc-testing.

https://doi.org/10.1371/journal.pone.0184093.g005
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found that Rbm38 -/- mice have hematopoietic defects, thereby recapitulating the anemic phe-

notype seen in a previously reported Rbm38 -/- mouse model [20]. The hearts of Rbm38 -/-

mice were moderately hypertrophied, but echocardiography revealed that cardiac function

was not compromised at 8–11 weeks of age. We did not find regulation of the previously iden-

tified stability target genes of Rbm38 p21 and HuR, neither did we find differences in splicing

of Mef2d or Fgfr2. This lack of regulation can potentially be attributed to a redundancy mecha-

nism, as the closely related RBP Rbm24 with which Rbm38 shares several targets, was found to

be increased in Rbm38 -/- hearts.

TAC studies revealed that the hypertrophic response is slightly increased in Rbm38-/- mice.

However, since Rbm38 -/- hearts are already hypertrophic at baseline, this trend can be sec-

ondary to the observed anemia in these mice. Overall, we conclude there is no vital role for

Rbm38 in the heart, but a more subtle role cannot be excluded. In that sense, it would be inter-

esting to use a cardiomyocyte-specific Rbm38 knockout mouse model, thereby circumventing

the hematopoietic disorders, to dissect the role of Rbm38 specifically in cardiomyocytes. Also,

to further examine the functional redundancy between Rbm38 and Rbm24, it would be inter-

esting to generate compound Rbm24/Rbm38 knockout mice and investigate the pathophysiol-

ogy in these hearts. Considering the high sequence identity between Rbm24 and Rbm38, it is

conceivable that introducing one mutant Rbm24 allele into the Rbm38 null background would

lead to abberant splicing and sarcomeric dysfunction, in line with the cardiac phenotype of the

Rbm24 null mice [6]. However, although Rbm24 might compensate for the loss of Rbm38 in

Rbm38 -/- mice, vice versa this might not be the case, as the Rbm24 knockout is embryonically

lethal while the Rbm38 knockout is not [6, 20]. This could be due to differences in temporal

expression of Rbm24 and Rbm38, as Rbm24 seems to be expressed mostly during embryonic

stages, while Rbm38 seems to be expressed at the perinatal and adult stage.

The overlap in targets between Rbm24 and Rbm38 is likewise only partial, and it seems that

most of the overlap occurs in genes involved in the p53-axis, such as p21 and p63 [7–11].

Despite previous reports showing that the p21 mRNA transcript is stabilized by both Rbm24

and Rbm38 in breast- and colon carcinoma cell lines [7, 9, 10], we did not observe reduced

p21 mRNA levels in Rbm38 -/- hearts. This may be due to the increase in Rbm24 protein levels

that we observed in the Rbm38 -/- heart, as this may have compensated for the loss of Rbm38.

Remarkably, in Rbm38 -/- spleens, we found an upregulation of p21 mRNA, which is opposite

to what was expected as it is previously reported that p21 mRNA is stabilized by Rbm38. In

the spleen, however, compensation by Rbm24 is not likely, as Rbm24 is not expressed in the

spleen. This indicates that p21 does not only rely on Rbm38 and/or Rbm24, but that the regu-

lation of p21 is much more complex, especially in vivo. p63 mRNA, on the other hand, was

previously shown to be destabilized by Rbm38 and Rbm24 [8, 11], and loss of Rbm38 in the

heart is therefore expected to result in elevated p63 mRNA levels. We found, however, that

p63 mRNA was significantly downregulated in Rbm38-/- hearts. This could be due to the

expressed isoform of p63, as it has been recently shown that the direction of regulatory effect

of Rbm38 also depends on the isoform of p63 [36]. Whether this lack of effect or contradictory

effect on these targets are due to increased Rbm24 levels in the Rbm38-/- heart, or whether the

exact mechanisms of target regulation by Rbm38 are tissue-specific remains elusive. We were

not able to detect the translational target p53 in the hearts of wildtype and Rbm38 -/- mice,

both before and after TAC surgery. Interestingly, p53 has been described to be upregulated

during pressure overload-induced cardiac remodeling, where it inhibits Hif1a activity, and

aggravates maladaptive hypertrophy through inhibition of the angiogenic response in the

heart [27]. However, using two independent antibodies against p53 we were not able to repli-

cate this finding. We also did not find reduced expression of Vegfa, a direct target gene of

Hif1a, suggesting that Hif1a-signaling was not affected. Under hypoxic conditions Hif1a itself,
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however, is also a direct translational target of Rbm38, and the loss of Rbm38 could therefore

have increased Hif1a protein levels [35]. Considering the lack of effect on Vegfa, this does not

seem to be the case in Rbm38 -/- hearts. Overall, we conclude that the targets of Rbm38 are

highly tissue- or cell-type specific, and potentially relies on tissue- or cell-type specific co-fac-

tors. Therefore, it will be interesting to uncover the regulatory capacity of Rbm38 in different

tissues.

The role of anemia in the development of cardiac hypertrophy and failure is not entirely

clear, but it seems that anemia can induce a mild hypertrophic phenotype, similar to what we

observe in our mouse model [37]. Recent studies have shown that anemia is not involved in

the progression of heart failure [37, 38]. For example, in an experimental mouse model of

chronic renal failure, mice develop anemia and cardiac dysfunction. In these mice, activating

erythropoietin (EPO) signaling is cardioprotective, but this intervention is unrelated to the

relief of anemia [37]. Interestingly, when EPO signaling is activated using recombinant EPO,

cardiac dysfunction is diminished and anemia is relieved through stimulation of erythropoie-

sis. When asialoEPO, an EPO derivative that does not affect erythropoiesis, is used, anemia is

not relieved, but cardiac dysfunction is likewise diminished [37]. This indicates that anemia is

not involved in the progression of cardiac remodeling and failure, but can induce a mild

hypertrophic heart.

In summary, we show that loss of Rbm38 leads to hematopoietic defects. In the heart,

loss of Rbm38 leads to downregulation of HuR protein levels, but we found most previously

published Rbm38 targets to be unaffected. However, most of these targets were identified in

different cells or tissues, which could mean that these are cell- or tissue-specific. In addition,

we find the closely related RBP Rbm24 to be increased in Rbm38 -/- hearts, which suggests

redundancy between Rbm24 and Rbm38 exists. Overall, we propose that Rbm38 does not

play an important role in the normal and diseased heart, but is more critical in erythroid

differentiation.
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