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Abstract 

Alternative splicing, a mechanism to generate multiple transcripts from a single gene, is increasingly 

being recognized as an important regulator of (heart) disease. The importance of specific hypoxia-

induced alternative splicing events was recently illustrated by mechanistic insights into the hypoxia-

dependent switch in ketohexokinase (Khk) isoforms. Khk is the central fructose-metabolizing enzyme 

critical for fructose metabolism in the heart, and a splicing-induced switch of Khk-A to Khk-C isoform 

is necessary for the transition from fatty acid metabolism to glycolysis in the failing heart. Preventing 

this Khk isoform switch protects against pathological cardiac growth. In the ischemic heart, decreased 

oxygen levels may lead to overall changes in alternative splicing, but to our knowledge, there are no 

studies available that interrogate hypoxia-induced alternative splicing on a genome-wide level. To 

investigate the extent at which hypoxia leads to alternative splicing changes in cardiomyocytes, we 

cultured neonatal rat cardiomyocytes (NRCM) in hypoxic chambers for 24 hours and analyzed gene 

expression levels and differential alternative splicing events using RNA-sequencing. We show that hypoxia 

induces alternative splicing changes in cardiomyocytes, but our analysis is hampered by limitations in 

RNA-sequencing analysis. Specifically, the incomplete annotation of alternative splice isoforms in the 

rat genome prevented the quantification of complete transcriptomic changes. Nevertheless, we did 

identify splicing changes in important cardiac genes, such as Titin (Ttn), calcium/calmodulin dependent 

kinase II delta (CamkIIδ), and LIM domain binding protein 3 (Ldb3). In conclusion, hypoxia may lead 

to alternative protein isoforms and may affect gene expression levels and thereby contribute to the 

development and progression of heart disease, especially in the setting of ischemic heart disease.
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Introduction

Alternative splicing is a process that allows the production of multiple mature mRNA transcripts from a 

single gene, thereby increasing genomic complexity tremendously, since ~95% of all human genes can 

be alternatively spliced1. Alternative splicing is increasingly being recognized as an important layer of 

post-transcriptional gene expression, is highly regulated, can be altered in disease, and can be induced 

by various stimuli2. Hypoxia, which is defined as insufficient supply of oxygen to cells or tissue, is a state 

that is seen in multiple types of heart disease, such as hypertrophic cardiomyopathy or myocardial 

infarction, and could contribute substantially to the disease mechanism. Interestingly, it has recently 

become clear that hypoxia can also contribute to the development or progression of heart disease 

by inducing alternative splicing events in genes such as Ketohexokinase (Khk), X-box binding protein 1 

(Xbp1), and Bcl-2/adenovirus E1B 19-kDa interacting protein 3 (Bnip3)3-5. Khk is the central fructose-

metabolizing enzyme, and exists in two isoforms; Khk-A and Khk-C3. In the healthy situation, when 

the heart primarily relies on fatty acid metabolism, it uses mostly Khk-A for metabolizing fatty acids. A 

failing heart, however, relies more on glycolysis, and the switch to Khk-C is both necessary and sufficient 

to switch towards more glycolysis. The isoform switch in Khk is induced by Splicing Factor 3b subunit 

1 (SF3B1), which is driven by the activity of Hypoxia inducible factor 1 alpha (HIF1a). Interestingly, 

cardiac specific knockout mice of SF3B1 or Khk both prevent the switch in Khk isoform and thereby 

the metabolic switch in the heart, which protects against pathological cardiac growth. It is intriguing 

that a single hypoxia-inducible alternative splicing event can have these profound effects on the heart. 

Another hypoxia-inducible alternative splicing event is the exclusion of exon 3 in the Bnip3 gene5. The 

expression of Bnip3 is induced by hypoxia, and provokes mitochondrial perturbations and cell death55. 

However, the exclusion of exon 3 in Bnip3 leads to a truncated protein, which acts as a dominant However, the exclusion of exon 3 in Bnip3 leads to a truncated protein, which acts as a dominant 

negative protein by inhibition of the function of full length Bnip3, and thereby prolongs cellular survival negative protein by inhibition of the function of full length Bnip3, and thereby prolongs cellular survival 

after hypoxic stress. In that sense, hypoxia can induce both protective and detrimental stress responses. after hypoxic stress. In that sense, hypoxia can induce both protective and detrimental stress responses. 

A third example of hypoxia-induced alternative splicing is that of Xbp1. Xbp1 is a transcription factor A third example of hypoxia-induced alternative splicing is that of Xbp1. Xbp1 is a transcription factor 

that is normally rendered inactive. Interestingly, alternative splicing of the Xbp1 mRNA is responsible for that is normally rendered inactive. Interestingly, alternative splicing of the Xbp1 mRNA is responsible for 

the activation of Xbp1. In normal conditions, a 26-basepair intron is retained in the mature Xbp1 mRNA the activation of Xbp1. In normal conditions, a 26-basepair intron is retained in the mature Xbp1 mRNA 

transcript, but upon hypoxic stress this intron is spliced out, resulting in a frameshift that alters the transcript, but upon hypoxic stress this intron is spliced out, resulting in a frameshift that alters the 

open reading frame of Xbp1 from a 261 aa protein with unknown function to a 376 aa protein, which is 

known as the active Xbp1 transcription factor4. Xbp1 is involved in the unfolded protein response, and 

activates stress-responsive genes by binding to their regulatory elements6. Hypoxia-induced activation 

of Xbp1 seems cardioprotective, for example by increasing GRP94 and GRP78 expression, both of which 

are protective to cell death, at least in other cardiac cell types such as H9c2 cells7, 8.

The importance of alternative splicing in the healthy and diseased heart has been studied extensively 

in the past decade2, 9, and even though examples of hypoxia-induced alternative splicing events exist, 

it is currently unknown to what extent hypoxia induces alternative splicing changes in the different 

cell types of the heart. We hypothesized that hypoxia is an important driver of alternative splicing 

in the cardiomyocyte, and used an in vitro hypoxia model to investigate to which extent hypoxia 



516079-L-bw-hoogenhof516079-L-bw-hoogenhof516079-L-bw-hoogenhof516079-L-bw-hoogenhof
Processed on: 9-2-2018Processed on: 9-2-2018Processed on: 9-2-2018Processed on: 9-2-2018 PDF page: 176PDF page: 176PDF page: 176PDF page: 176

Chapter 7

176

leads to alternative splicing changes on a genome-wide scale. We found that hypoxia induces many 

alternative splicing events in neonatal rat cardiomyocytes, but the incomplete annotation of alternative 

splicing isoforms in the rat genome prevented the quantification of complete transcriptomic changes. 

Nevertheless, we demonstrated that several pivotal cardiac genes, such as Ttn, Ldb3, and CamkIId are 

alternatively spliced upon hypoxic stress. These results imply that hypoxia-induced alternative splicing 

changes may affect expression of protein isoform or gene expression levels and thereby contribute to 

the development and progression of heart disease, especially in the setting of ischemic heart disease.
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Methods

NRCM isolation and hypoxia treatment
Neonatal rat cardiomyocytes (NRCM) were isolated as described previously10. In short, 1 x 106

NRCMs were plated on fibronectin-coated 6-well plates, serum-starved for 24 hours, and subjected 

to normoxia or hypoxia for an additional 24 hours. Hypoxia was established using hypoxic chambers 

(MIC-101, Billups-Rothenberg Inc.) which were flushed with 100% N2 for 10 minutes to remove oxygen 

present in the chamber. NRCM were cultured in maintenance medium (DMEM 41965 : DMEM M199 

(4:1), supplemented with antibiotics). Glucose-deprived NRCM were cultured in maintenance medium 

without glucose (DMEM 11966 : DMEM M199 (4:1), supplemented with antibiotics).

RNA isolation and (q)RT-PCR
RNA from cells was isolated using TRIreagent (Sigma-Aldrich) according to the manufacturer�s protocol. 

1 µg of total RNA was subsequently treated with DNAse I (Invitrogen) and used for cDNA generation 

using SuperScript II (Invitrogen). End-point RT-PCR was performed with Hot Fire Taq Polymerase (Solis 

Biodyne). qRT-PCR was performed on a Lightcycler 480 system II (Roche) using SYBR Green (Roche). 

Primer sequences can be found in Supplemental Table 1.

RNA-sequencing and bioinformatical analysis
Control and hypoxic samples were selected from 3 different experiments. RNA quality was assessed 

using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and all samples had a RIN value 

of >9. RNA sequencing libraries were prepared with the TruSeq Stranded Total RNA Library Preparation of >9. RNA sequencing libraries were prepared with the TruSeq Stranded Total RNA Library Preparation 

Kit (Illumina, San Diego, USA) and sequenced on a HiSeq 2000 instrument (Illumina, San Diego, USA). Kit (Illumina, San Diego, USA) and sequenced on a HiSeq 2000 instrument (Illumina, San Diego, USA). 

Sequencing depth was approximately 60 million reads per sample with read lengths of 100 bp. Base-Sequencing depth was approximately 60 million reads per sample with read lengths of 100 bp. Base-

calling was performed using the bcl2fastq 2.0 Conversion Software from Illumina. Quality control of calling was performed using the bcl2fastq 2.0 Conversion Software from Illumina. Quality control of 

fastq files was performed using FASTQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). fastq files was performed using FASTQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). 

Reads passing quality control were then aligned using TopHat 1.411 to the ensembl release Rnor_5.0.  to the ensembl release Rnor_5.0. 

Differential gene expression was analyzed using DEseq12, alternative splicing analysis was done by , alternative splicing analysis was done by 

calculating the Percentage Spliced In (PSI)-index using scripts from Schafer et al13.

Gene ontology enrichment
Gene ontology enrichment analysis was done using the online tool DAVID version 6.714. Analyses were 

performed on all significantly up- and downregulated genes separately. 
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Results

Establishment of the in vitro hypoxia model
To investigate the extent at which hypoxia induces alternative splicing changes, we isolated NRCM 

and subjected them to normoxia or hypoxia for 24 hours, and performed RNA-sequencing on these 

cells (Figure 1A). We isolated RNA from normoxic and hypoxic cardiomycytes, and randomly selected 3 

control samples, and 4 hypoxic samples from 3 different experiments. We examined the expression of 

known hypoxia-inducible genes GAPDH and VEGFa15, 16, and found that both genes were upregulated 

in the hypoxic NRCM (Figure 1B-C). We also validated two known hypoxia inducible splicing events, 

namely the exclusion of a 26 base-pair intron that is normally retained in Xbp1 and exon 3 in Bnip34, 

5, and found that both splicing events were induced in our hypoxic model (Figure 1D). In addition 

to depriving cardiomyocytes of oxygen, we also deprived a subset of cardiomyocytes of glucose, by 

culturing in glucose-free medium. In the heart, hypoxia is caused by an insufficient supply of blood to 

cells or tissue, for example after myocardial infarction, or by insufficient perfusion of cells or tissue, for 

example in hypertrophic cardiomyopathy. The fact that in both conditions blood supply is inadequate, 

means that it is likely that hypoxic cardiomyocytes are also devoid of, at least to some extent, glucose 

and /or nutrients. Interestingly, differential splicing events that were present in hypoxic cardiomyocytes, 

were exacerbated in hypoxic cardiomyocytes that were also deprived of glucose (Figure 1D). However, 

to make sure that the differential splicing events were caused by hypoxia, and not by the glucose-

deprivation, we chose to use hypoxic NRCM in the presence of glucose to study hypoxia-inducible 

alternative splicing changes by RNA sequencing. 

Figure 1. Establishment of in vitro hypoxia model. A. Experimental set-up of the hypoxia experiment. NRCM, 

neonatal rat cardiomyocytes. B-C. expression of hypoxic markers GAPDH and VEGFa. FPKM, Fragments Per Kilobase 

Million. D. RT-PCR of Xbp1 and Bnip3. Norm, normoxia. Hypo, hypoxic.
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Hypoxia-induced and metabolic genes are upregulated and cell-cycle related genes are 
downregulated in hypoxic NRCM
RNA-sequencing of 4 hypoxic and 3 normoxic NRCM samples revealed a total number of 2160 genes 

to be differentially expressed in the hypoxic NRCM, of which 1178 genes were downregulated, and 982 

genes were upregulated (adjusted p-value < 0.05) (Table 1). The log2 fold changes ranged from -3.2 for 

the downregulated genes, to 4.9 for the upregulated genes in hypoxia. When using a more stringent 

cut-off of fold change > 2, 889 genes were downregulated, and 781 genes were upregulated (Table 1). 

The 10 most up- and downregulated genes are depicted in Table 2. 

We next used the online tool DAVID to look for gene ontology enrichment in the differentially regulated 

genes in hypoxic NRCM, and found that the upregulated genes mainly belonged to two categories; 

hypoxia-inducible genes, or metabolic genes (Table 3). The downregulated genes mostly belonged 

to cell-cycle related processes (Table 4). The upregulation of hypoxia-inducible and metabolic genes, 

and the downregulation of cell-cycle related genes, are both known responses to hypoxia 16-19, again 

indicating that our model is suitable to test for hypoxia-inducible alternative splicing changes. 

Since we were interested in which genes might be involved in hypoxia-induced alternative splicing, we 

next looked for regulation of genes involved in, or related to RNA splicing in hypoxic cardiomyocytes, 

and found 21 splicing-related genes to be at least 1.4-fold upregulated and 23 genes to be at least 1.4-

fold downregulated (Table 5).

Table 1. Differential gene expression in hypoxic NRCM.

Differentially regulated genes in hypoxia Number of genes

Significantly downregulated 1178

Significantly downregulated with FC > 2 889

Significantly upregulated 982

Significantly upregulated with FC > 2 781

FC, Fold Change. An adjusted p-value of p < 0.05 was considered significant.

Table 2. 10 most upregulated and downregulated genes in hypoxic NRCM.

Upregulated genes Downregulated genes

Kcnh7, Car12, Sncb, Gipr, Pnliprp2, Mt1m, Zap70, 

Ndufa4l2, Mt2A, Srcin1

LOC100359539, Fbxl22, Pbk, Pi15, Diras2, Il12a, 

Olr59, Npas4, Cytl1, Car3
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Table 3. Gene ontology enrichment analysis of upregulated genes in hypoxic NRCM.

GO term Process Fold enrichment p-value Bonferroni

GO:0001666 response to hypoxia 3.47 6.23E-08 1.61E-04

GO:0070482 response to oxygen levels 3.24 2.44E-07 6.31E-04

GO:0006006 glucose metabolic process 3.47 5.73E-06 0.015

GO:0006007 glucose catabolic process 5.34 7.56E-06 0.019

GO:0019318 hexose metabolic process 3.09 1.02E-05 0.026

GO:0046164 alcohol catabolic process 4.70 1.14E-05 0.029

GO:0019320 hexose catabolic process 5.08 1.28E-05 0.033

GO:0046365 monosaccharide catabolic process 5.08 1.28E-05 0.033

GO:0044275 cellular carbohydrate catabolic process 4.60 1.44E-05 0.037

GO:0006096 glycolysis 6.20 1.61E-05 0.041

Table 4. Gene ontology enrichment analysis of downregulated genes in hypoxic NRCM.

GO term Process Fold enrichment p-value Bonferroni

GO:0022402 cell cycle process 3.33 6.14E-19 1.48E-15

GO:0007049 cell cycle 2.89 1.57E-17 3.76E-14

GO:0022403 cell cycle phase 3.94 3.91E-17 9.41E-14

GO:0000279 M phase 4.40 9.45E-16 2.40E-12

GO:0000278 mitotic cell cycle 3.50 7.27E-15 1.73E-11

GO:0000087 M phase of mitotic cell cycle 4.67 5.21E-13 1.25E-09

GO:0048285 organelle fission 4.57 9.62E-13 2.31E-09

GO:0007067 mitosis 4.71 9.94E-13 2.39E-09

GO:0000280 nuclear division 4.71 9.94E-13 2.39E-09

GO:0007059 chromosome segregation 6.04 3.19E-10 7.67E-07

GO:0006260 DNA replication 3.85 1.15E-09 2.76E-06

GO:0000819 sister chromatid segregation 8.45 3.89E-09 9.36E-06

GO:0000070 mitotic sister chromatid segregation 8.45 3.89E-09 9.36E-06

GO:0051301 cell division 2.88 3.51E-06 0.008

GO:0006259 DNA metabolic process 2.13 5.26E-06 0.013

GO:0007076 mitotic chromosome condensation 10.01 1.84E-05 0.043

Table 5. Differentially regulated RNA-splicing related genes in hypoxic NRCM. 

>40% Upregulated >40% Downregulated

Srrm4, Trpt1, Srsf12, Syncrip, Nol3, Pik3r1, Cir1, Wt1, 

Ahnak, Npm1, Clk1, Rbfox1, Crnkl1, Tsen34, Bud31, 

Prpf18, Snrnp35, Jmjd6, Pabpc1, Zfp259, Zrsr2

Slc39a5, Srsf10, Rbm15b, Gemin7, Prx, Gemin7, 

Sf3a1, Ncbp1, Hnrnph1, Pcbp4, Ppil3, Nova1, Tra2b, 

Rbm24, Lsm2, Lsm6, Mbnl3, LOC100360750, Srsf1, 

Rbm38, Lsm4, Snrpa, Magohb
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Figure 2. Selected cardiac genes are alternatively spliced in hypoxic NRCM. A. RT-PCR of Ttn. B. RT-PCR of CamkIIδ.  A. RT-PCR of Ttn. B. RT-PCR of CamkIIδ. 

C. RT-PCR of Ldb3. HPRT was used as a loading control. Pre-mRNA schematics with exons numbers are presented on C. RT-PCR of Ldb3. HPRT was used as a loading control. Pre-mRNA schematics with exons numbers are presented on 

the right. Exons that are subjected to alternative splicing are indicated in light blue.

Pivotal cardiac genes are alternatively spliced in hypoxic cardiomyocytes
We next analyzed alternative splicing changes in hypoxic cardiomyocytes by calculating the ‘Percentage 

Spliced In’ (PSI) of all exons, and comparing them to their PSI in normoxic cardiomyocytes. A difference 

in PSI of an exon between normoxic and hypoxic cardiomyocytes represents an alternative splicing 

event. Considering a difference in PSI of 10% (deltaPSI of 0.1), we found a total number of 2087 events 

in 1210 genes. When considering a deltaPSI of 0.2, we observed a total number of 417 events in 278 

genes (Table 6). The 10 most dramatically changed alternative splicing events can be found in Table 7. 

It must be noted however, that due to the incomplete annotation of the rat transcriptome, we were 

unable to examine the full extent of hypoxia-induced alternative splicing events.
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To validate some of the splicing events that we observed in the RNA-seq, we performed RT-PCR in 

pivotal cardiac genes such as Ttn, CamkIIδ, and Ldb3, of which it is known that changes in alternative 

splicing can affect the heart20. Ttn is a giant sarcomeric protein, that acts as a molecular spring in the 

sarcomere. The compliance of Ttn determines the passive stiffness of the cardiomyocyte, and this can 

primarily be modulated by alternative splicing and post-translational modifications of Ttn21, 22. In hypoxic 

NRCM, we observed a decrease in the inclusion of exons of the PEVK-region of Ttn, a region that is 

subjected to extensive alternative splicing. Exclusion of these exons leads to a less compliant and more 

stiff Ttn (Figure 2A). 

CamkIIδ is a multimeric enzyme with a plethora of roles in cardiac physiology and pathophysiology23. 

It exists in multiple isoforms in heart, with distinct subcellular localizations and temporal expression 

patterns. The most known isoforms of CamkIIδ are CamkIIδ-A, CamkIIδ-B, CamkIIδ-C, and to a lesser 

extent CamkIIδ-9. CamkIIδ-A is localized at the intercalated disc and t-tubules, is expressed during 

the fetal period, and its expression is lost shortly after birth24. In the adult heart, the most expressed 

isoforms are CamkIIδ-B and CamkIIδ-C23. In hypoxic NRCM, we observed a loss of the CamkIIδ-A splice 

isoform (Figure 2B), suggesting there is less CamKIIδ availbable in the T-tubules for phosphorylation of 

key ion channels24. 

Ldb3, also known as Cypher/ZASP, is a sarcomeric protein that is also known to undergo alternative 

splicing25. Ldb3 exists as long and short isoforms, which are regulated by alternative splicing of the 

3’ end of the transcript. In addition, there are a cardiac and skeletal muscle splice isoform, which are 

determined by the inclusion of either exon 4, or exon 5-7. The most prominent isoform in NRCM is 

the cardiac isoform, which includes exon 4, but NRCM also express a small amount of the skeletal 

muscle isoform, which excludes exon 4, but includes exons 5-7. In hypoxic NRCM, we observed loss of 

the skeletal muscle isoform (Figure 2C). In addition, we observed a novel Ldb3 splice isoform, which 

excludes all exons in this variable domain, meaning that exons 4-7 are all spliced out (Figure 2C).

Table 6. Differential splicing events in hypoxic NRCM. PSI, Percentage Spliced In.

Alternative splicing events in hypoxia Number of events Number of genes

Difference in PSI >10% 2087 1210

Difference in PSI >20% 417 278

Table 7. 10 most differentially spliced genes in hypoxic NRCM.

Genes

Gcnt2, Cyb5r2, Fgf12, Ubap1l, Nrcam, Bclaf1, Fam92a1, Rbm7, Prpsap1, Pnpla6
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Discussion

Here, we established an in vitro model to investigate hypoxia-inducible alternative splicing changes 

in cardiomyocytes. Culturing NRCM in hypoxic conditions for 24 hours led to induction of known 

responses to hypoxia, as indicated by increased expression of the hypoxia-markers GAPDH and VEGFa, 

and by upregulation of hypoxia-response pathways and downregulation of cell cycle related genes in 

hypoxic NRCM. In addition, hypoxia induced splicing changes in a vast number of genes, including the 

pivotal cardiac genes Ttn, CamkIIδ, and Ldb3. Unfortunately, due to the incomplete annotation of the 

rat transcriptome, we were, for now, not able to ascertain the exact extent at which hypoxia induces 

alternative splicing changes in NRCM.

In a pathophysiological sense, hypoxia is the result of insufficient blood perfusion. Increased wall 

thickness, for example in hypertrophic cardiomyopathy, can lead to insufficient perfusion, and 

myocardial infarction leads to insufficient blood supply to cells or tissue. Therefore, cells that are 

hypoxic are likely also devoid, at least to some extent, of glucose and/or nutrients. In that sense, the 

phenomenon we observed that glucose deprivation exacerbates hypoxia-induced alternative splicing 

changes is interesting, since it could mean that hypoxia and glucose deprivation lead to a similar 

cellular stress response. If and how the response to hypoxia and glucose deprivation are similar and/or 

interconnected is yet unknown.

The differential splicing events in Ttn and CamkIIδ, which are likewise exacerbated after glucose 

deprivation, are also seen in the maturation of cardiomyocytes (i.e. the transition from fetal to adult 

cardiomyocytes)20, 23. The exclusion of exons in the PEVK-region in Ttn is part of the switch from the more . The exclusion of exons in the PEVK-region in Ttn is part of the switch from the more 

compliant fetal N2BA-isoforms towards the stiffer N2B isoforms that are mostly expressed in the adult compliant fetal N2BA-isoforms towards the stiffer N2B isoforms that are mostly expressed in the adult 

heart. Similarly, the loss of CamkIIδ-A in cardiomyocytes is normally seen in the early postnatal stage, since heart. Similarly, the loss of CamkIIδ-A in cardiomyocytes is normally seen in the early postnatal stage, since 

adult hearts mostly express CamkIIδ-B and CamkIIδ-C. In that regard, the hypoxia treatment seems to push adult hearts mostly express CamkIIδ-B and CamkIIδ-C. In that regard, the hypoxia treatment seems to push 

the NRCM towards a somewhat more mature phenotype, but whether this is a general effect of hypoxia the NRCM towards a somewhat more mature phenotype, but whether this is a general effect of hypoxia 

on alternative splicing, or that this is restricted to a selected set of genes, remains to be determined. on alternative splicing, or that this is restricted to a selected set of genes, remains to be determined. 

The exact effect of hypoxia on cellular proliferation is not yet entirely clear. While there are reports The exact effect of hypoxia on cellular proliferation is not yet entirely clear. While there are reports 

showing that hypoxia inhibits cell cycling16, 18 in murine embryonic fibroblasts and endothelial cells,  in murine embryonic fibroblasts and endothelial cells, 

and that HIF-1a is necessary for cell cycle arrest19, others have shown that hypoxia is in fact a driver 

of cellular proliferation, most notably in cardiomyocytes26-28. In this respect, it has been shown by 

Hif-1a fate mapping that proliferating cardiomyocytes are relatively hypoxic26. Moreover, the lack of 

proliferative capacity of postnatal cardiomyocytes has been attributed to a switch towards an oxygen-

rich environment, which induces cell-cycle arrest through reactive oxygen species (ROS)-dependent 

DNA damage27. Postponing the switch towards an oxygen-rich environment by exposing neonates 

to a hypoxic environment delays cardiomyocyte cell-cycle arrest, and increases cardiomyocyte 

proliferation27. In that regard, it seems that hypoxia can indeed drive proliferation of cardiomyocytes, 

both at the fetal and early postnatal stage, and in the adult heart. In this study, however, we found 

a general downregulation of cell cycle genes in NRCM in response to hypoxia. It is conceivable that 
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the duration and severity of hypoxia determine whether hypoxic cardiomyocytes are able enter the 

cell cycle. Therefore, it would be interesting to test this hypothesis by culturing NRCM at different O2 

tensions, and examine their proliferative capacity. 

Current RNA-sequencing analysis relies heavily on, and is therefore hampered by, transcriptome 

annotation of the species under investigation. Raw RNA-sequencing reads (represented in a fastq-file) 

are first mapped to a reference genome, which results in a ‘BAM (Binary Alignment Map)-file’ that 

provides sequence and positional information, but lacks any contextual information (i.e. whether the 

read aligns to an annotated gene/exon/intron). Next, a GTF (Gene transfer format)-file, which contains 

which contains gene structure (transcriptome) information, is used to extract RNA-seq reads from a 

BAM file that match to a genomic region defined in the GTF file. These RNA-seq reads are then used for 

further analysis such as gene expression and alternative splicing analysis. However, when reads align to 

a genomic region that is not annotated in the GTF-file (i.e. in an incompletely annotated transcriptome), 

these reads and their information are not used for further analysis, and are therefore lost. In this study, 

only ~60-70% of reads could be mapped to the reference genome (for reference, in a typical RNA-

sequencing in humans >90% of reads are mapped) and an even smaller proportion of these reads 

mapped to genomic regions that where annotated in the GTF-file, meaning that over one-third of all 

reads were not used for gene expression and alternative splicing analysis. 

In a general sense, even though RNA-sequencing is a genome-wide and unbiased technique to examine 

changes in RNA expression, the analysis is, unfortunately, not. The analysis is based on a priori knowledge 

of the transcriptome (the GTF-file), meaning that unknown genes or transcripts will not be analyzed. 

Future perspectives
There are two ways to solve the problem with RNA-sequencing analysis on incomplete transcriptomes; 

either by completing the transcriptome annotation, or by using the unaligned (to the GTF-file) reads 

and use a de novo (or genome-guided) transcriptome assembly as reference in the GTF-file. The latter 

can be accomplished by using tools such as Cufflinks29 or Trinity30. Both will lead to a more complete 

understanding of the extent of hypoxia-induced alternative splicing changes, and will open the door 

to, more comprehensively, investigate how hypoxia induces these alternative splicing changes. When 

the extent of alternative splicing in response to hypoxia is fully mapped, it will be interesting to analyze 

putative RNA-binding protein binding sites within or flanking differentially spliced exons. This can 

be accomplished by using online motif-based sequence analysis tools (for instance Meme suite31 or 

rMAPS32) or by performing a de novo motif enrichment analysis. This approach may point towards one 

or more hypoxia-regulated RNA-binding proteins or splicing factors. Finding the responsible splicing 

factor(s) can also be done by overlaying the expression of splicing factors with the differential splicing 

events, and look for correlations between the two. This approach has been used successfully for SF3B1 

and its effect on Khk splicing, and could be used to identify pathological hypoxia responsive splicing 

factors3. Lastly, it will be interesting to investigate splicing changes in ischemic human hearts to examine 

which hypoxia-induced alternative splicing changes contribute to disease progression. Eventually, this 

will lead to a more comprehensive understanding of detrimental processes in the ischemic heart, and 

can open up new avenues to investigate novel therapeutic strategies. 
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Supplemental Table 1. Primer sequences.

Gene Fwd primer Rev primer

Bnip3 GCTGGATGCGCAGCATGAAT CGACTTGACCAATCCCATATCC

Xbp1 ACGAGAGAAAACTCATGGGC ACAGGGTCCAACTTGTCCAG

Ttn GAGCCGTATGAGGAACCGTA CAGGAGCAGGTTTCTTTGGA

CamkIIδ AAGGGTGCCATCTTGACAAC TCGAAGTCCCCATTGTTGAT

Ldb3 TCCAAGCGTCCTATCCCCATC TGTATTCTGTCCCGGTCATCTG

Hprt TGACTATAATGAGCACTTCAGGGATTT CGCTGTCTTTTAGGCTTTGTACTTG




