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Introduction
Although changes in translation and altered splicing play an important role in differentiation and dis-
ease processes, such as cancer and heart failure (1–6), the precise mechanisms regulating them are not 
well understood. In this manuscript we provide insight into a new regulator of  translation, 2-oxoglutarate 
and iron dependent oxygenase domain–containing protein 1 (OGFOD1). Protein prolyl-hydroxylases are 
a family of  enzymes dependent on oxygen and α-ketoglutarate that catalyze hydroxylation of  amino acid 
residues, such as prolines or asparagines (7–9). We examined the role of  a newly described ribosomal 
prolyl-hydroxylase, OGFOD1. OGFOD1 has been shown to hydroxylate a proline (P62) in the ribosomal 
protein S23 (Rps23), which regulates translation, and inhibition of  OGFOD1 has been reported to lead to a 
decrease in translation and an increase in stress granule formation (10, 11). The precise role of  OGFOD1 in 
human cardiomyocytes is unclear. In addition, inhibitors of  the HIF prolyl-hydroxylase (prolyl-hydroxylase 
domain–containing protein 2, PHD2), which are currently in clinical trials to treat anemia, have also been 
recently shown to inhibit OGFOD1, adding to the importance of  understanding the role of  OGFOD1 (12).

To better define the specific role of  OGFOD1, we deleted OGFOD1 and compared protein synthesis, 
stability, and levels in isogenic WT and OGFOD1-knockout induced pluripotent stem cell–derived cardio-
myocytes (OGFOD1-KO iPSC-CMs). We used a previously developed in vitro model of  human iPSC-CMs 
(13) in which we used CRISPR/Cas9 to delete OGFOD1. In vitro models of  human stem cell–derived 
cardiomyocytes have become important for a wide range of  biomedical applications, such as disease mod-
eling and drug screening (14–16). We found that loss of  OGFOD1 led to a decrease in protein synthesis in 
proteins enriched in ribosomal proteins and splicing factors, consistent with an important role for OGFOD1 
in regulating protein translation. When comparing the proteomic profiles of  OGFOD1-KO with WT iPSC-
CMs, we made the surprising finding that loss of  OGFOD1 led to an increase in a number of  cardiac- 
specific proteins. These data are consistent with the hypothesis that OGFOD1 alters translation of  specific 
proteins, leading to an altered protein landscape, thus accelerating cardiac differentiation and enhancing the 
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levels of  cardiac proteins at day 16 after initiation of  differentiation. Several recent studies have reported that 
changes in translation and altered splicing play an important role in cardiac differentiation. However, the 
precise mechanisms regulating these alterations in translation and splicing are not well understood. In this 
manuscript, we provide insight into a new regulator of  translation and splicing, OGFOD1.

Results
Loss of  OGFOD1 remodels the proteome. To characterize the role of  OGFOD1 in human iPSC-CMs, we per-
formed quantitative proteomics on WT and OGFOD1-KO iPSC-CMs to identify potential differences in 
total protein levels. Differences detected in the proteomic profiles between OGFOD1-KO and WT are illus-
trated in the heatmap analysis depicting distinct clustering of  WT and OGFOD1-KO and in the volcano 
plot analysis (Figure 1, A and B, and Supplemental Figure 1, A and B; supplemental material available 
online with this article; https://doi.org/10.1172/jci.insight.128496DS1). As shown in the volcano plot (Fig-
ure 1B), we observed a similar distribution of  proteins with increased (207 proteins) and decreased (169 
proteins) levels in OGFOD1-KO compared with WT (cutoff  ± 30%; P < 0.05; Supplemental Table 1). Of  
note, a large number of  ribosomal proteins exhibited a decrease in OGFOD1-KO (highlighted in orange 
Figure 1B). To further characterize differences in the cardiac proteome between OGFOD1-KO and WT, we 
subjected the proteins showing a significant difference to gene ontology analysis using DAVID software. We 
found that translational initiation, cell-cell adhesion, and mRNA splicing via spliceosome were decreased in 
abundance in OGFOD1-KO (Figure 1C). OGFOD1-KO showed higher abundance in glycolytic processes, 
TCA cycle, and cardiac muscle contraction (Figure 1D). Analyzing the proteomic changes, we noted that 
loss of  OGFOD1 resulted in a significant increase in sarcomeric proteins, such as titin; cardiac troponins T, 
C, and I; sarcoplasmic/endoplasmic reticulum calcium transporter (SERCA2A; ATP2A2); sodium-calcium 
exchanger (NCX; SLC8A1); and cardiac myosin-binding protein C (MYBPC3; Figure 1E). In addition, 
myosin and titin interacting protein myomesin 1 (MYOM1) and a muscle-specific creatinine kinase were 
increased in OGFOD1-KO. The increase in markers of  cardiac differentiation in the OGFOD1-KO iPSC-
CMs might suggest that OGFOD1 has an inhibitory effect on cardiomyocyte differentiation and that its 
repression enhances or accelerates cardiomyocyte differentiation. Consistent with this hypothesis, we found 
that OGFOD1 mRNA (Figure 1F) and protein expression (Figure 1G) decreased at the onset of  cardio-
myocyte differentiation. We also measured Brachyury and mesoderm posterior bHLH transcription factor 
1 (MESP1) to determine how OGFOD1 deletion affects the early stages of  cardiomyocyte differentiation. 
As shown in Figure 1H, during the initial 48 hours of  differentiation, Brachyury is upregulated to peak at 
12 hours and downregulated beyond the 12-hour time point more rapidly in OGFOD1-KO cells than in 
WT cells. Additionally, Brachyury levels at the 12-hour time point are significantly higher in OGFOD1-KO 
cells. We also find that at 48 hours of  differentiation, MESP1 levels are higher in OGFOD1-KO cells than 
WT cells (Figure 1I). Altogether, these data suggest OGFOD1-KO cells achieve mesoderm and cardiogenic 
mesoderm fates more robustly and more rapidly than WT cells, further supporting a role for OGFOD1 in 
repressing cardiomyocyte differentiation.

OGFOD1 affects protein synthesis and degradation in human cardiomyocytes. We further examined the mech-
anisms responsible for the differences in the proteomic profiles observed between OGFOD1-KO and WT. 
Because OGFOD1 is known to influence translation (10), we hypothesized that there might be differences 
in protein synthesis in OGFOD1-KO versus WT cardiomyocytes. To address this hypothesis, we used a 
previously developed labeling method in iPSC-CMs (17). We cultured OGFOD1-KO and WT cardiomy-
ocytes in media containing light amino acids and then switched them to media containing heavy amino 
acids and followed the incorporation of  the heavy label as a measure of  protein synthesis and the loss of  the 
light label as a measure of  protein degradation. After 24 hours of  labeling, 128 proteins exhibited a signifi-
cant decrease, and 1 protein showed a significant increase in protein synthesis in OGFOD1-KO in compar-
ison with WT (Figure 2A and Supplemental Table 2). A comparison to the proteomics data showed that of  
the 128 proteins in OGFOD1-KO with decreased protein synthesis, 70 also exhibited a decrease in the level 
of  the protein, suggesting that the decrease in protein synthesis plays a role in the changes observed in the 
total protein level for these proteins. We performed PANTHER (protein analysis through evolutionary rela-
tionships) protein class analysis on the proteins, which exhibited a significant decrease in protein synthesis 
in OGFOD1-KO iPSC-CMs, and found enrichment in proteins annotated to cytoskeletal proteins, nucleic 
acid–binding proteins, and chaperones (Figure 2B). In the cytoskeletal protein pathway, primarily the actin 
family showed a decrease in protein synthesis. For nucleic acid–binding proteins, most of  the affected 
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Figure 1. Quantitative analyses of proteomic profiles and differentiation status of WT and 
OGFOD1-KO iPSC-CMs. (A) Cluster analysis shows a clear difference between the proteomic 
profiles of KO and WT. The level of each protein is shown in rows, and samples are clustered in 
columns. The protein levels across the samples are shown as log2 counts per million (CPM). The 
scaled expression values are color coded according to the legend. FC, fold change. (B) Volcano 
plot to compare the mean log2FCs (OGFOD1-KO/WT) of normalized spectral counts and the log10 
of the P values obtained in the t test comparison. Protein classes are highlighted for ribosomal 
proteins. Gene ontology analysis was performed with Database for Annotation, Visualization 
and Integrated Discovery (DAVID) software for biological processes being enriched for proteins 
that were significantly lower in OGFOD1-KO (C) and for proteins that were significantly higher in 
OGFOD1-KO (D), respectively. (E) Differences in protein levels between WT and OGFOD1-KO for 
proteins associated with cardiomyocyte maturation. n = 12 per group. (F) Changes in OGFOD1 
expression for various time points following initiation of differentiation in iPSCs. n = 3 per time 
point. (G) Changes in OGFOD1 protein level in iPSCs during cardiac differentiation, normalized on 
total protein amount. n = 5 per time point. Development of cardiac differentiation marker genes, 
such as Brachyury (H) and Mesp1 (I), over a cardiac differentiation period of 48 hours. n = 8 per 
time point. Data are shown as mean ± SEM. ***P < 0.001 and *P < 0.05 vs. WT (2-way ANOVA 
plus Bonferroni’s posttest) in E. ****P < 0.0001 and *P < 0.05 vs. day 0 (1-way ANOVA plus Bon-
ferroni’s posttest) in F. *P < 0.05 vs. time point 0 (Student’s t test) in G. ****P < 0.0001, ***P < 
0.001, and **P < 0.01 vs. day 0 (2-way ANOVA plus Bonferroni’s posttest) in H and I.
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proteins were RNA-binding proteins. Because OGFOD1 is deleted in germline, we compared the proteins 
that showed a decrease in translation in OGFOD1-KO iPSC-CMs to the proteins that showed a decrease 
in protein synthesis with acute addition of  dimethyloxalylglycine (DMOG) and found that approximately 
85% of  the proteins showing a significant decrease in protein synthesis in OGFOD1-KO also showed a 
significant decrease in WT plus DMOG (Figure 2, A and C). Thus, the overall decrease in protein synthesis 

Figure 2. Analysis of incorporated heavy amino acid label into WT and OGFOD1-KO iPSC-CMs as a measure of 
protein synthesis. Human iPSC-CMs were analyzed 16 days after initiation of the differentiation. Cardiomyocytes 
were adapted to dialyzed FBS containing light medium (12C6–Lys, 12C6

14N4–Arg) for 3 days and then switched to heavy 
label (13C6 l-lysine-2HCl, 13C6

15N4 l-arginine-HCl). For the analysis of protein stability, samples were harvested 24 hours 
after media switch. Samples underwent tryptic digestion and mass spectrometry analysis. Quantitative analysis was 
performed by QUOIL (QUantification withOut Isotope Labeling). (A) Volcano plot analysis for heavy proteins showing 
basal differences in protein synthesis in KO vs. WT. n = 3 biological samples per group. (B) Protein class analysis was 
performed for proteins with significant differences in protein synthesis with PANTHER. Protein classes are shown as 
percentage of total number of identified protein classes. (C) Volcano plot analysis for heavy proteins showing basal 
differences in protein synthesis in WT Ctr versus dimethyloxalylglycine (DMOG, 1 mM). n = 3 biological samples per 
group. (D) Venn diagram overlap of proteins with significant differences in protein synthesis in OGFOD1-KO vs. WT 
and WT ± DMOG. (E) KEGG pathway enrichment analysis was performed with DAVID showing pathways for common 
proteins with decrease in synthesis. Volcano plots: The horizontal line represents the threshold of P = 0.05; the verti-
cal lines represent the threshold for the log2FC. The x axis depicts the log2 difference in protein synthesis.
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that we observed with addition of  DMOG is largely explained by inhibition of  OGFOD1. We reasoned 
that the overlapping proteins would reveal proteins acutely regulated by a decrease in OGFOD1. For the 
109 overlapping proteins showing a significant decrease in protein synthesis in OGFOD1-KO as well as in 
WT DMOG (Figure 2D), enrichment analysis with DAVID software revealed that most of  these were asso-
ciated with the spliceosome Kyoto Encyclopedia of  Genes and Genomes (KEGG) pathway (Figures 2E).

We also investigated differences in protein degradation in OGFOD1-KO versus WT by quantifying 
the loss of  the light amino acid label 6 hours after the cells were switched into heavy-labeled amino acids 
(Figure 3A). This time point was chosen because the light label is largely lost by 24 hours in proteins that 
turn over rapidly. After 6 hours, 184 proteins were significantly different in OGFOD1-KO versus WT, and 
approximately 93% of  these exhibited stabilization in OGFOD1-KO (Figure 3A and Supplemental Table 
3). Again, we further compared these results to the response to an overall inhibition of  prolyl-hydroxylases 
with DMOG and found overlapping proteins as depicted in Figure 3B. When we subjected proteins showing 
an increase in protein stability in OGFOD1-KO versus WT and WT DMOG versus control to PANTHER 
protein class analysis, these proteins were mainly nucleic acid–binding proteins, cytoskeletal proteins, and 
oxidoreductases (Figure 3C). Interestingly, for the cytoskeletal proteins, mainly proteins within the actin 
family showed an increase in protein stability; this is the same protein class identified for proteins with signif-
icant decreases in protein synthesis. The same phenomenon was observed for nucleic acid–binding proteins 
as a class, which exhibited a decrease in protein synthesis and an increase in protein stability. Proteins in the 
same pathways showed both an increase in stability and a decrease in synthesis; these changes would oppose 
one another if  they occurred on the same protein. However, if  they occurred on different proteins in the 
pathway, it would be a way of  altering the specific protein composition and rewiring a pathway. A careful 
examination of  these proteins showed that different proteins in a pathway were stabilized compared with 

Figure 3. Analysis of light proteins in pulse-chase amino acid–labeled WT and OGFOD1-KO iPSC-CMs. Human iPSC-CMs were analyzed 16 days after ini-
tiation of the differentiation. Cardiomyocytes were adapted to dialyzed FBS containing light medium (12C6–Lys, 12C6

14N4–Arg) for 3 days and then switched 
to heavy label (13C6 l-lysine-2HCl, 13C6

15N4 l-arginine-HCl). For the analysis of protein degradation, samples were harvested 6 hours after media switch. 
Samples underwent tryptic digestion and mass spectrometry analysis. Quantitative analysis was performed by QUOIL. Volcano plot analysis for light 
proteins showing basal differences in protein degradation in OGFOD1-KO versus WT (A) or WT Ctr versus DMOG (1 mM) (B), with n = 3 biological samples 
per group. The horizontal line represents the threshold of P = 0.05; the vertical lines represent the threshold for the log2FC. The x axis depicts the log2 
difference in protein synthesis. (C) Protein class analysis was performed for proteins with significant differences in protein synthesis with PANTHER. 
Protein classes are shown as percentage of total number of identified protein classes. (D) Protein stability for selected cardiac proteins undergoing sta-
bilization versus selected proteins without significant changes in protein stability at different time points after initiation of labeling. Data are shown as 
mean ± SEM. **P < 0.01 and *P < 0.05 vs. WT (2-way ANOVA plus Bonferroni’s posttest).

https://doi.org/10.1172/jci.insight.128496
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those with decreased translation. For example, in OGFOD1-KO there was a decrease in protein synthesis in 
myosin heavy chain 9 (MYH9) and myosin light chain 2, 6, and 9 (MYL2, MYL6, MYL9) and an increase 
in stability in MYBPC3, myosin heavy chain 6 and 7 (MYH6, MYH7), myosin light chain 4 and 7 (MYL4, 
MYL7), and MYOM1. Similarly, for RNA-binding proteins there was a decrease in protein synthesis of  
heterogenous nuclear ribonucleoprotein (hnRNP) A1, hnRNPAIL2, hnRNPA2B1, hnRNPAB, hnRNPC, 
hnRNPD, hnRNPH1, hnRNPK, hnRNPM, and hnRNPU and an increase in stability of  hnRNPA3 and 
hnRNPH3 (Supplemental Tables 2 and 3). These changes suggest an alteration of  the isoform expression 
of  contractile proteins and nucleic acid–binding proteins in OGFOD1-KO. Figure 3D depicts increases in 
protein stability in various cardiac proteins.

OGFOD1 modifies the cardiac transcriptome and causes a deficit in translation. We further performed RNA-
Seq to investigate whether there are differences in the cardiac transcriptome between OGFOD1-KO 
and WT iPSC-CMs and to determine whether the observed differences in protein synthesis are due to 
transcriptional or translational changes. The volcano plot in Figure 4A shows the differences in mRNA 
transcripts between OGFOD1-KO and WT under basal conditions with an even distribution between 
up- and downregulated transcripts. Gene ontology analysis for differentially expressed transcripts revealed 
that OGFOD1-KO upregulated processes included mitochondrial respiration and ATP synthesis, as well 

Figure 4. Comparison of the cardiac transcriptome obtained by RNA-Seq and protein translation and confirmation of OGFOD1 knockout. (A) Volcano 
plot of RNA-Seq data of basic differences between ODFOD1-KO versus WT cardiomyocytes. n = 4 per group. The horizontal line represents the false pos-
itive control (FDR) at 1%; the vertical lines represent the threshold for the log2FC. The x axis depicts the log2 difference in estimated relative expression 
values. Vertical lines represent the threshold for the log2FC. Transcripts upregulated (right) or downregulated (left) that are changed greater than 4-fold 
are highlighted in gray. (B) Correlation between differences in proteins (heavy) and mRNA synthesis shows the basic differences between ODFOD1-KO 
and WT. The red lines highlight the zero value. (C) Gene expression (mRNA) of other oxygen-dependent oxygenases, such as EGLN1, EGLN2, EGLN3, 
OGFOD3, OGFOD2, and P4HA1, in OGFOD1-KO versus WT. (D) Western blot analysis to analyze protein levels of OGFOD1 in different clones in comparison 
to GAPDH and to Ponceau. n = 2 per group. Data are shown as mean ± SEM. *P < 0.05 vs. control/WT (1-way ANOVA plus Bonferroni’s posttest).
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as cardiac tissue morphogenesis, whereas translational processes were downregulated in OGFOD1-KO 
(Supplemental Table 4). We analyzed the correlation between differentially expressed mRNA transcription 
and differences in protein synthesis between OGFOD1-KO and WT and found a poor correlation (Figure 
4B), which suggests that posttranscriptional regulations were primarily responsible for the observed differ-
ences. Interestingly, this matches previous findings of  the effect of  DMOG in cardiomyocytes and could 
be verified again in this study (Supplemental Figure 2). In OGFOD1-KO we found a significant decrease 
in translation of  128 proteins, and only 16 of  these proteins showed a corresponding decrease in mRNA. 
In fact, the mRNA levels were increased for 49 of  the 128 proteins, showing a decrease in translation. We 
examined the transcriptomics data set to determine whether there was a potential compensatory response, 
but transcript levels of  other related proline oxygenases, such as EGLN1 (Egl-9 family HIF 1, also known 
as PHD2) and OGFOD3, were unaffected in OGFOD1-KO (Figure 4C). Western blot analysis confirmed 
a lack of  OGFOD1 at the protein level in different clones, when compared with GAPDH (Figure 4D). 
The Ponceau stain showed other proteins in OGFOD1-KO clones were still abundantly expressed.

Knockout of  the ribosomal hydroxylase OGFOD1 influences alternative splicing. As mentioned above, we 
found 128 proteins with a decrease in translation in OGFOD1-KO, and 112 of  these proteins showed 
either no change or an increase in mRNA; thus, the decrease in translation of  these proteins was not due 

Figure 5. Quantitative reverse transcription PCR and MISO analysis for RNA-Seq data in WT and OGFOD1-KO iPSC-CMs. (A) Quantitative PCR analysis 
was performed for a gene that was previously identified to show differences in alternative splicing between Ctr and DMOG. mRNA transcripts for the exon-
skipped variant of NT5C2 were quantified in OGFOD1-KO versus WT (n = 4 per group, normalization to cDNA amount). Data are shown as means ± SEM. 
*P < 0.05 vs. WT Ctr (Student’s t test). (B) MISO analysis of WT and OGFOD1-KO was performed from the RNA-Seq data and was able to identify NT5C2 
as being significantly different in exon skipping in OGFOD1-KO. (C) Gene ontology analysis performed with DAVID for MISO genes that were significantly 
different for exon skipping. (D) IPA network analysis was performed for genes that were identified as being significantly different between OGFOD1-KO and 
WT. Note that the top 2 networks are cell death and survival and RNA posttranscriptional modification. (E) An example for a gene (AKT1) that regulates 
cell survival and was identified as being significantly different in exon skipping in OGFOD1-KO versus WT identified by MISO analysis.
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to a decrease in mRNA. These 112 proteins were highly enriched for splicing factors, including hnRNPs, 
DEAD-box helicase (DDX) proteins, and other splicing factors. We therefore investigated whether 
OGFOD1 might alter splicing. We searched the RNA-Seq data with the mixture of  isoforms (MISO) 
analysis software and identified 196 exon skipping events that were different in OGFOD1-KO in com-
parison with WT (Supplemental Table 5). One of  the alternatively spliced genes was cytosolic purine 
5′-nucleotidase (NT5C2), which is shown in the Sashimi plot analysis and was verified with quantitative 
PCR analysis (Figure 5, A and B). Interestingly, we previously found that DMOG increased exon skip-
ping of  NT5C2, which is involved in the NAD salvage pathway (17). Here, we found that the effects of  
DMOG on exon skipping were abolished for NT5C2 in OGFOD1-KO, which would be consistent with a 
role for OGFOD1 in mediating these effects on exon skipping. We performed gene ontology analysis and 

Table 1. Prolyl hydroxylated peptides and their annotated proteins detected only in WT but not in OGFOD1-KO

No. Label Description Protein 
accession

Peptide sequences

1 Light 40S ribosomal protein S11 P62280 DVQIGDIVTVGECRpLSK
2 Light 40S ribosomal protein S23 P62266 VGVEAKQpNSAIR
3 Light Arf-GAP with SH3 domain, ANK repeat and 

PH domain–containing protein 2
O43150 KpApGADKSTpLTNKGQpR

4 Light Cytochrome b-c1 complex subunit 1, 
mitochondrial

P31930 ADLTEYLSTHYKApR

5 Light Drebrin Q16643 MApTpIpTRSpSDSSTASTPVAEQIER
6 Light Eukaryotic translation initiation factor 5A-1 P63241 YEDICPSTHNMDVpNIKR
7 Light Filamin-A P21333 DAGEGLLAVQITDpEGKpK, 

ALGALVDSCAPGLCPDWDSWDASKpVTNAR
8 Light Heat shock cognate 71 kDa protein P11142 HWPFMVVNDAGRpK
9 Light Heterogeneous nuclear ribonucleoprotein M P52272 GIGTVTFEQSIEAVQAISMFNGQLLFDRpMHVK
10 Light High mobility group protein HMGI-C P52926 GEGAGQPSTSAQGQPAAPApQKR
11 Light Histone-binding protein RBBP7 Q16576 TPSSDVLVFDYTKHpAKPDPSGECNPDLR
12 Light Melanoma-associated antigen D2 Q9UNF1 AQETEAAPSQAPADEPEPESAAAQSQENQDTRpK
13 Light Myosin light polypeptide 6 P60660 VLDFEHFLpMLQTVAK
14 Light Nucleophosmin P06748 MSVQpTVSLGGFEITPPVVLR
15 Light Phosphatidate phosphatase LPIN2 Q92539 GTILpR
16 Light Thioredoxin domain–containing protein 5 Q8NBS9 HLYTADMFTHGIQSAAHFVMFFApWCGHCQR
17 Light Tubulin beta-6 chain Q9BUF5 IREEFpDRIMNTFSVMPSPK
1 Heavy Alpha-actinin-4 O43707 LMLLLEVISGERLpKPER
2 Heavy Arachidonate 5-lipoxygenase P09917 QLpAVHpIFK
3 Heavy Barrier-to-autointegration factor O75531 TTSQKHRDFVAEpMGEKPVGSLAGIGEVLGK
4 Heavy Cysteine- and glycine-rich protein 1 P21291 GYGYGQGAGTLSTDKGESLGIKHEEAPGHRPTTNpNASK
5 Heavy Eukaryotic translation initiation factor 4E P06730 ATVEPETTPTpNpPTTEEEKTESNQEVANPEHYIKHPLQNR
6 Heavy Fibronectin P02751 LGVRpSQGGEApREVTSDSGSIVVSGLTPGVEYVYTIQVLRDGQER,
7 Heavy Filamin-A P21333 AGGpGLERAEAGVPAEFSIWTR
8 Heavy Heat shock cognate 71 kDa protein P11142 RFDDAVVQSDMKHWPFMVVNDAGRpK, 

FDDAVVQSDMKHWPFMVVNDAGRpK
9 Heavy Heterogeneous nuclear ribonucleoprotein A3 P51991 GFGFVTYSCVEEVDAAMCARpHKVDGR
10 Heavy Homeobox protein CDX-2 Q99626 KKLQQQQQQQPPQPpppppQpPQPQPGPLR
11 Heavy Prosaposin P07602 LGpGMADICKNYISQYSEIAIQMMMHMQPK
12 Heavy RNA-binding motif protein, X chromosome P38159 VEADRpGKLFIGGLNTETNEKALEAVFGK
13 Heavy Striated muscle preferentially expressed 

protein kinase
Q15772 AppSPGVppKR

14 Heavy Trifunctional enzyme subunit beta, 
mitochondrial

P55084 VGLppLEKFNNWGGSLSLGHPFGATGCR

15 Heavy Tubulin beta chain Q13885 SGPFGQIFRpDNFVFGQSGAGNNWAKGHYTEGAELVDSVLDVVR
16 Heavy Zinc finger protein 292 O60281 KSQSENVpASR

Proteins were identified by liquid chromatography–tandem mass spectrometry and accession numbers and protein IDs are from the Swiss-Prot/Uniprot 
databases. The hydroxylated proline residue is bold, italicized, and in lower case. Peptides were filtered to 1% FDR using the Percolator algorithm in Thermo 
Proteome Discoverer software. Bolded (description and accession number) indicate peptides found in proteins that were not decreased in the KO.
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Ingenuity Pathway Analysis (QIAGEN Inc.; www.qiagenbioinformatics.com/products/ingenuity-path-
way-analysis/) network analysis for all the genes that were identified as being significantly different in 
exon skipping events between OGFOD1-KO and WT. Enriched biological processes included cell-cell 
adhesion, gene expression changes, and cardiac rhythm, as well as RNA splicing (Figure 5C). The top 
number 2 networks that were affected were “cell death and survival” as well as “RNA post-transcriptional 
modification, carbohydrate and nucleic acid metabolism” (Figure 5D and Supplemental Figure 3). AKT1 
(also known as protein kinase B), a gene that regulates cell survival, was identified as being significant-
ly different in exon skipping in OGFOD1-KO versus WT (Figure 5E). In the RNA posttranscription-
al modification network, various forms of  hnRNPs, such as hnRNPC1/C2, hnRNPD, hnRNPH1, and 
hnRNPK, were identified, which are all known to bind to RNA molecules with high affinity and play 
a role in transcription, splicing, and mRNA processing (ref. 18 and Supplemental Figure 3). Interest-
ingly, about 50% of  the proteins showing alternative splicing (Supplemental Table 5) following loss of  
OGFOD1 also show alternative splicing with siRNA knockdown of  hnRNPA1 and DDX5 (19). Of  note, 
DDX5 and hnRNPA1 both showed a decrease in translation in OGFOD1-KO. Liu et al. recently reported 
a decrease in RNA-binding proteins and splicing factors occurred with reprogramming of  fibroblasts into 
induced cardiomyocytes (1). They further showed that polypyrimidine tract binding protein 1 (Ptbp1) 
inhibited the cardiomyocytes’ specific splicing pattern and that Ptbp1 deletion enhanced cardiomyocyte 
reprogramming and enhanced expression of  cardiomyocyte proteins. Interestingly, we found a significant 
decrease in Ptbp1 in the OGFOD1-KO cells (see Supplemental Table 1). Also of  note, we found the loss 
of  OGFOD1 altered the splicing of  Ptbp1 (Supplemental Table 5).

Loss of  OGFOD1 alters protein prolyl hydroxylation. To identify proteins that are highly prolyl hydroxylated 
specifically by OGFOD1, we searched the mass spectrometric data of OGFOD1-KO and WT for proline oxi-
dation as a variable modification using Mascot as described in the Methods section (∑peptide spectrum matched 
> 2; Supplemental Figure 4). We identified 31 unique proteins (filamin-A and HSP71 were identified with both 
heavy and light proteins) that were prolyl hydroxylated in at least 2 of 3 WT samples but showed no prolyl 
hydroxylation in any of the OGFOD1-KO samples (Table 1). However, many of these proteins (those not bold-
ed) had a decreased protein level in the OGFOD1-KO, and thus the decrease in prolyl hydroxylation measured 
in these proteins could just be due to the decrease in protein level (Supplemental Table 1). Alternatively, it is pos-
sible that prolyl hydroxylation of these proteins leads to their stabilization (perhaps via a protein complex) and 
that loss of prolyl hydroxylation leads to decreased levels. Rps23, which has been identified previously as a target 
of OGFOD1, was clearly identified (Table 1). Interestingly, 2 of the proteins, trifunctional enzyme subunit–β 
(ECHB) and cytochrome b-c1 complex subunit 1 (UQCR1), showed an increased protein level in OGFOD1-
KO, and it is tempting to speculate that perhaps prolyl hydroxylation of these proteins in WT enhanced their 
degradation. Consistent with this premise, these 2 proteins were significantly stabilized in OGFOD1-KO.

Discussion
The α-ketoglutarate–, iron-, and oxygen-dependent superfamily of  oxygenases can act as a metabolic and 
stress sensor. OGFOD1, a member of  this family, has been shown to hydroxylate Pro62 of  Rps23; however, 
the precise function of  OGFOD1 is not fully elucidated. Inhibitors of  the HIF prolyl-hydroxylase (PHD2), 
which are currently in clinical trials to treat anemia, have also been shown to inhibit OGFOD1 (12), adding 
to the importance of  understanding the role of  OGFOD1. This study is the first to our knowledge to exam-
ine the effect of  loss of  OGFOD1 in human iPSC-CMs, and the data in the study suggest the potentially 
novel finding that loss of  OGFOD1 increases the level of  cardiac sarcomeric proteins. Loss of  OGFOD1 
also results in a decrease in levels of  Ptbp1, which has been shown to oppose the development of  cardiomyo-
cyte-specific splicing factors. Furthermore, deletion of  Ptbp1 enhances expression of  cardiomyocyte proteins 
(1). Consistent with a role for OGFOD1 in modulating cardiomyocyte differentiation, we found a rapid 
decrease in levels of  OGFOD1 expression following addition of  cardiomyocyte differentiation factors. Sev-
eral recent studies have reported that changes in translation play an important role in differentiation (3, 20, 
21), and consistent with this concept, we show that loss of  OGFOD1 alters translation of  specific proteins. It 
has been reported that with differentiation, large numbers of  mRNAs exhibit a change in translation without 
a change in mRNA level (3). We found that in OGFOD1-KO iPSC-CMs, 128 proteins showed a decrease 
in translation; however, a decrease in mRNA was found in only 16 of  the 128 proteins. Interestingly, we 
found that the loss of  OGFOD1 resulted in a decrease in many ribosomal proteins, which could reduce total 
ribosome levels and further alter translation. We found that OGFOD1 loss specifically led to an alteration 
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in splicing factors, and alterations in splicing have emerged as an important regulator of  differentiation and 
disease (2, 4–6, 22). A recent study shows that patients with Diamond-Blackfan anemia exhibited reduced 
ribosome levels in hematopoietic cells. In these cells the reduced ribosome levels selectively impaired the 
translation of  a subset of  mRNAs, thereby influencing cellular differentiation, resulting in differences in 
blood cell composition (23). This finding supports the general idea that alterations in ribosome levels might 
influence cellular differentiation processes. This study uses an iPSC model of  human cardiomyocytes, which 
we have previously characterized and found to be immature compared with adult cardiac tissue (14). The 
effect of  loss of  OGFOD1 during development in an immature iPSC-CM could be different than in an adult 
cardiomyocyte.

In general, our data are consistent with previous studies showing that OGFOD1 can reduce overall 
translation (10). siRNA knockdown of  OGFOD1 has been shown in U2OS cells to decrease proliferation, 
increase stress granule formation, increase phosphorylation of  eukaryotic initiation factor 2 (eIF2), and 
decrease the overall rate of  protein synthesis. However, siRNA knockdown of  OGFOD1 in HeLa cells did 
not decrease proliferation or protein synthesis or increase stress granules or phosphorylation of  eIF2 (10). 
Thus, the effects of  OGFOD1 knockdown on these processes appears context dependent. The potentially 
novel finding in this study is that loss of  OFGOD1 results in reduced translation of  specific proteins, pri-
marily cytoskeletal and nucleic acid–binding proteins, rather than a uniform overall reduction in transla-
tion. Previous studies as well as this study showed that OGFOD1 hydroxylates a specific proline residue on 
Rps23. Prolyl hydroxylation of  Rps23 has been reported to be important in fidelity of  mRNA translation 
(24). Rps23 has been shown to alter the accuracy of  translation. Termination and polyadenylation 1 (TPA1), 
the yeast homolog of  OGFOD1, has been reported to regulate termination, polyadenylation, and mRNA 
stability (24). The proline in Rps23, which is hydroxylated by OGFOD1, is located in the decoding region. 
Interestingly, alteration in decoding fidelity by other mechanisms is associated with alterations in the transla-
tion of  internal ribosomal entry sites (IRESs) containing mRNAs and altered ribosomal translational activi-
ty (25). Translation of  IRESs containing mRNAs has been shown to play an important role in differentiation 
and stem fate (20). OGFOD1, by altering the translation of  key mRNAs, alters the cell proteome and leads 
to additional changes in protein homeostasis. Consistent with this hypothesis, mutations in Rps23, which 
impair OGFOD1-mediated prolyl hydroxylation of  Rps23, have been shown to lead to developmental dis-
orders (26). We further show that loss of  OGFOD1 alters the translation of  many ribosomal proteins, and 
emerging data show that ribosomal proteins can influence the mRNAs that are translated (27).

Our working hypothesis is that loss of  OGFOD1 reduces prolyl hydroxylation of  Rps23. As previously 
reported, the effects of  loss of  prolyl hydroxylation of  Rps23 are context dependent but have been shown to 
include a decrease in protein synthesis. Loss of  OGFOD1 and subsequent loss of  Rps23 prolyl hydroxylation 
might alter incorporation of  Rps23 into the polysome, which was shown previously (26), and the alteration 
in polysome composition could alter the landscape of  mRNAs that are translated and could further lead 
to the changes in protein homeostasis that we observed. Although it is possible that OGFOD1 has addi-
tional substrates that might also contribute to the changes in protein homeostasis observed, the data could 
be explained by loss of  prolyl hydroxylation of  Rps23 upon deletion of  OGFOD1. The loss of  OGFOD1 
decreases the translation of  approximately 100 proteins, including hnRNPs, DDX proteins, and other splicing 
factors. We found that 50% of the proteins that showed alternative splicing (Supplemental Table 5) following 
loss of  OGFOD1 could be explained by decreased levels of  hnRNPA1 and DDX5 (19), proteins for which 
translation was reduced in OGOFOD1-KO. DDX5 and DDX17 both showed a decrease in translation and a 
corresponding decrease in protein level in OGFOD1-KO. Changes in alternative splicing have been shown to 
control human embryonic stem cell differentiation (2, 4, 22). Downregulated DDX5 and DDX17 have been 
shown to interact with hnRNPs to define epithelial and myoblast specific splicing patterns (4), and DDX5 
and DDX17 are proposed to be master regulators of  differentiation (4). These changes in splicing might be 
involved in rewiring the proteome. This concept is consistent with previous studies reporting that alterations 
in protein synthesis and in splicing are important in regulating cell differentiation and disease progression.

Methods
CRISPR/Cas9 knockout of  OGFOD1 in iPSCs. An all-in-one CRISPR/Cas9 vector modified from pX458 (28) 
to enable strong Cas9 expression by CAG promoter in human iPSCs was used to express the guide RNA 
(gRNA) targeting OGFOD1 exon1 coding sequence (Supplemental Figure 5). The vector is available from 
Addgene (plasmid 79144, https://www.addgene.org/79144/). The design of  the gRNA was performed by 
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the online CRISPR tool (http://crispr.mit.edu). iPSCs were transfected using Global Stem GeneIn reagents 
as described by the manufacturer. After 48 hours, GFP+ cells were sorted using flow cytometry. The posi-
tive cells were plated at single-cell density and expanded, and the colonies were sequenced for identification 
of  homozygous OGFOD1 knockout. To enhance OGFOD1 gRNA expression and specificity (29), gRNA 
sequence CGCAGGACGCCGTTCAGTCA was modified to GGCAGGACGCCGTTCAGTCA when 
subcloning into the CRISRP/Cas9 expression vector. Therefore, we used GGCAGGACGCCGTTCAGT-
CACGG (gRNA plus protospacer adjacent motif  [PAM]) to search potential off-targets using the in-silico 
CRISPROR program (http://crispor.tefor.net) (30). The top 20 off-targets based on cutting frequency deter-
mination (CFD) off-target scores (OT1 to OT20) in parental ND2.0.6 iPSCs and OGFOD1-KO clone27 and 
clone33 were PCR amplified using “For” and “Rev” primers and sequenced using “Seq” primer (Supplemen-
tal Table 6). Sequence comparison showed no off-target mutations in OGFOD1-KO clones (Sanger sequenc-
ing IDs and data are shown in Supplemental Table 6). This is probably due to the fact that all of  the top 20 
off-targets have 4 mismatches from the gRNA sequence and low CFD off-target scores, reducing the possibil-
ity of  off-target editing in selected iPSC clones. Our result is consistent with previous studies showing it was 
rare to find off-target mutations in TALEN- or CRISPR/Cas9–edited human pluripotent stem cells (31, 32).

iPSCs were generated from human dermal fibroblasts by reprogramming as previously described (33). 
Cardiac differentiation was performed following a protocol based on chemical Wnt pathway modulation 
as previously described (34). On day 7, after completion of  the differentiation protocol, iPSC-CMs were 
cultured for an additional 8 days in a previously described culture medium (35).

Pulse-chase isotopic labeling with amino acids in OGFOD1-KO and WT iPSC-CMs. OGFOD1-KO and WT iPSC-
CMs were transferred into light medium containing 10% dialyzed FBS (Pierce SILAC Protein Quantification 
Kit) for 3 days. OGFOD1-KO and WT samples were compared to the WT vehicle group, and the other group 
received the protein hydroxylase–inhibiting drug DMOG (1 mM, MilliporeSigma) for 6, 18, or 24 hours. For 
both groups, the culture medium was simultaneously switched to heavy amino acid–containing medium (13C6 
l-lysine-2HCl, 13C6

15N4 l-arginine-HCl) with 10% dialyzed FBS. Samples underwent tryptic digestion. Mass 
spectroscopic analysis was performed using an Orbitrap Fusion. The liquid chromatography–mass spectrometry 
data were searched against the Swiss-Prot and UniProt databases (taxonomy Homo sapiens [human]) using Mas-
cot (Matrix Science, version 2.3). Data were further analyzed with Scaffold software for quantitative proteomics.

mRNA isolation and bioanalyzer analysis. OGFOD1-KO and WT iPSC-CMs were compared to WT vehi-
cle versus WT treated with DMOG (1 mM, MilliporeSigma) for 18 hours. mRNA isolation was performed 
using the RNeasy Mini Kit (QIAGEN Inc.), and the protocol was followed as described by the manufacturer. 
Subsequent DNAse digestion was performed with the Ambion RNA TURBO DNA-free kit as described by 
the manufacturer. The mRNA was purified with RNA-binding columns (RNeasy Mini Kit, QIAGEN Inc.). 
RNA concentrations were quantified by NanoDrop (NanoDrop ND-1000, Peglab). The purified mRNA sam-
ples were subjected to bioanalyzer analysis (Agilent RNA 6000 Nano Chip). For bioanalyzer analysis the 
Agilent RNA 6000 Nano Kit instructions were followed. Only high-quality samples with a calculated RNA 
integrity number (RIN) value of  at least 8 were analyzed by RNA-Seq.

cDNA library preparation and RNA-Seq analysis. The RNA samples were processed using Illumina TruSeq 
Stranded Total RNA Sample Preparation kits according to the manufacturer’s protocols. Briefly, RNA sam-
ples were converted into a library of  template molecules of  known strand origin, which were suitable for 
cluster generation and sequencing using the reagents provided in the Illumina TruSeq Stranded Total RNA 
Sample Preparation kits. First, the rRNA was removed using biotinylated, target-specific oligonucleotides 
combined with Illumina Ribo-Zero rRNA removal beads. After purification, RNA was fragmented into 
small pieces using divalent cations under elevated temperature. The cleaved RNA fragments were copied 
into first strand cDNA using reverse transcriptase and random primers. The products were then purified and 
enriched with PCR to create a final cDNA library. RNA-Seq libraries were sequenced with paired-end 50-bp 
reads on an Illumina HiSeq2000. The raw data in FASTQ format were aligned to human reference genome 
UCSC hg19 using TopHat (TopHat/2.0.13, bowtie1/2.2.3, and SAMtools/0.1.19) with the parameter –g 1 
and the other options in the default settings. The refSeq transcript raw counts produced by the software rse-
qc/2.6 provided the input to the Bioconductor edgeR package. Trimmed mean of  M values algorithms were 
used for normalizing the replicated samples in 2 conditions. The normalized output CPM values were com-
pared by generalized linear model between conditions. The differentially expressed transcripts (DETs) were 
defined as greater than or equal to 4-fold changes with 1% FDR. The DETs were also assessed with 2-way, 
unsupervised hierarchical clustering analysis by computing Euclidean distance. The transcript expression 
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values were the log-transformed CPM reads from edgeR-normalized reads count. Alternative splicing anal-
ysis was performed using MISO (version 0.5.2; http://hollywood.mit.edu/burgelab/miso/) with settings 
of  paired-end 120 42—read-len 50 and using –num-inc 1—num-exc 1—num-sum-inc-exc 20—delta-psi 0.30 
–bayes-factor 20 for filtering events. Events were plotted with sashimi_plot function. The data are available 
via the National Center for Biotechnology Information’s Gene Expression Omnibus database (accession 
number GSE130521).

Quantitative reverse transcription PCR analysis. DNAse-digested and purified mRNA samples (500 ng each) 
underwent reverse transcription using the iScript Reverse Transcriptase Supermix for RT-qPCR (Bio-Rad) 
according to manufacturer’s instructions. Quantitative determination of  RNA was performed by real-time 
reverse transcription PCR with iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instruc-
tions. RNA18S was used as an endogenous control to normalize the quantification of  the target mRNAs for 
difference in the amount of  cDNA added to each reaction. cDNAs were diluted 1:10 with nuclease-free water 
and amplified using the primer pairs specific for every human sequence. Primer pair sequences were used as 
follows: RNA18S forward 5′-GGACATCTAAGGGCATCACAG-3′ and reverse 5′-GAGACTCTGGCAT-
GCTAACTAG-3′, NT5C2 forward 5′-TCCTGGAGTGATCGGTTACAG-3′, and exon skipping variant 
reverse 5′-GTTACACTGGCTCTCCGATGA-3′ (IDT DNA). All measurements were performed with the 
LightCycler 96 Real-Time PCR System (Roche) and analyzed with the respective LightCycler 96 software 
(Roche). The amount of  RNA was estimated according to the comparative Ct method with the 2–ΔΔCt formula.

Statistics. Data were expressed as mean ± SEM. Student’s t test (2-tailed, homodynamic variance) was 
used to compare between 2 groups, and 2-way ANOVA was used for multiple comparisons. Measurements 
were made from distinct samples. For all tests a probability value less than or equal to 0.05 was considered 
significant. Proteome Discoverer Software (Thermo Fisher Scientific, version 1.4) was used, and data were 
filtered for high peptide confidence (FDR < 1%). For label-free analysis, light and heavy peptides were 
quantified separately using an in-house software, QUOIL (36). Data were filtered for at least 2 peptides/
protein target. For RNA-Seq analysis, the normalized output CPM values were compared by generalized 
linear model between conditions. The DETs were defined as greater than or equal to 4-fold changes with 
1% FDR as described under cDNA library preparation and RNA-Seq analysis. All proteomic and RNA-Seq 
data will be made available on a public website.

Study approval. WT and OGFOD1-KO iPSCs were derived from de-identified human fibroblast samples, 
and therefore are exempt from NIH Office of  Human Subjects Research Protections (OHSRP) approval.
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