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Protein hydroxylases are oxygen- and a-ketoglutarate-dependent enzymes that catalyse hydroxylation of amino acids
such as proline, thus linking oxygen and metabolism to enzymatic activity. Prolyl hydroxylation is a dynamic post-trans-
lational modification that regulates protein stability and protein—protein interactions; however, the extent of this modi-
fication is largely uncharacterized. The goals of this study are to investigate the biological consequences of prolyl
hydroxylation and to identify new targets that undergo prolyl hydroxylation in human cardiomyocytes.

We used human induced pluripotent stem cell-derived cardiomyocytes in combination with pulse-chase amino acid
labelling and proteomics to analyse the effects of prolyl hydroxylation on protein degradation and synthesis. We iden-
tified 167 proteins that exhibit differences in degradation with inhibition of prolyl hydroxylation by dimethyloxalylgly-
cine (DMOG); 164 were stabilized. Proteins involved in RNA splicing such as serine/arginine-rich splicing factor 2
(SRSF2) and splicing factor and proline- and glutamine-rich (SFPQ) were stabilized with DMOG. DMOG also decreased
protein translation of cytoskeletal and sarcomeric proteins such as a-cardiac actin. We searched the mass spectrom-
etry data for proline hydroxylation and identified 134 high confidence peptides mapping to 78 unique proteins. We
identified SRSF2, SFPQ, a-cardiac actin, and cardiac titin as prolyl hydroxylated. We identified 29 prolyl hydroxylated
proteins that showed a significant difference in either protein degradation or synthesis. Additionally, we performed
next-generation RNA sequencing and showed that the observed decrease in protein synthesis was not due to changes
in MRNA levels. Because RNA splicing factors were prolyl hydroxylated, we investigated splicing + inhibition of prolyl
hydroxylation and detected 369 alternative splicing events, with a preponderance of exon skipping.

This study provides the first extensive characterization of the cardiac prolyl hydroxylome and demonstrates that
inhibition of a-ketoglutarate hydroxylases alters protein stability, translation, and splicing.

Prolyl hydroxylation e Hypoxia e Proteomics e Protein degradation e Splicing

1. Introduction

Oxygen- and a-ketoglutarate-dependent enzymes are part of a super-
family of protein hydroxylases that catalyse the hydroxylation of amino
acid residues such as prolines.”4 Because of the requirement for
oxygen, prolyl hydroxylases can function as oxygen/hypoxia sensors;

however, the K, for oxygen varies among the family members.” Prolyl
hydroxylase domain proteins (PHDs), also known as hypoxic inducible
factors (HIF) prolyl 4 hydroxylases (H-P4H), hydroxylate prolines on
HIF-1a which target it for degradation.®”® In addition to HIF-1a, the
>-adrenergic receptor has been shown to undergo prolyl hydroxyl-
ation, which leads to its degradation, and hypoxia or inhibition of prolyl
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hydroxylation leads to its stabilization.” As a-ketoglutarate is a sub-
strate and succinate an end-product inhibitor, these metabolites can
also regulate prolyl hydroxylase activity,'®'" and a number of tumour
cells have mutations in succinate dehydrogenase leading to an increase
in succinate, inhibition of PHD proteins, and up-regulation of HIF-1a.."?
Thus, depending on the K,, of these enzymes for oxygen and
a-ketoglutarate, they can be regulated by oxygen as well as by metab-
olism. Ribosomal prolyl hydroxylases [2-oxoglutarate and iron-
dependent oxygenase domain containing 1 (OGFOD1) and Tpa1]
have recently been described and shown to hydroxylate prolines in
the ribosomal protein RPS23 leading to altered translation.” "¢

In spite of the large and growing family of prolyl hydroxylases, only a
small number of prolyl hydroxylated proteins have been identi-
fied.”">"7"® This study provides the first large-scale proteomic charac-
terization of the cardiac prolyl hydroxylome. Furthermore, it is clear
that prolyl hydroxylation regulates cell functions that are independent
of HIF. To better define the novel functional consequences of prolyl hy-
droxylation and to test the hypothesis that a-ketoglutarate-dependent
hydroxylases broadly regulate protein stability, we performed a pulse-
chase experiment with stable isotope-labelled amino acids using a
cellular model of human induced pluripotent stem cell-derived cardio-
myocytes (iPSC-CM)." It has been shown that the majority of newly
synthesized proteins in non-dividing cell cultures use an extracellular,
non-limiting, source of amino acids.?%?’

To inhibit a-ketoglutarate-dependent hydroxylases, we used a cell-
penetrating derivate of N-oxalylglycine (NOG), dimethyloxalylglycine
(DMOG), which is an unreactive a-ketoglutarate analogue. DMOG is
metabolized to NOG, which acts as a competitive inhibitor of
a-ketoglutarate-dependent hydroxylases.”>** We found that inhib-
ition of a-ketoglutarate-dependent hydroxylases increased the stability
of a large number of proteins and reduced the rate of protein synthesis.
Using next-generation RNA sequencing (RNA-seq), we demonstrated
that the decrease in the rate of protein synthesis was not due to a
change in the level of mMRNA. Because the stability and/or translation
of a number of ribosomal proteins and splicing factors were altered
by inhibition of prolyl hydroxylation, we examined the RNA-seq data
to identify differentially expressed splicing variants between control
and hydroxylase inhibition. Interestingly, we found that inhibition of
prolyl hydroxylases can alter exon skipping events. Taken together,
the data in this study demonstrate that inhibition of prolyl hydroxyl-
ation alters protein stability, translation, and splicing in human cardio-
myocytes. This study identifies a new role for prolyl hydroxylation in
regulating RNA splicing.

2. Methods

2.1. Cardiac differentiation of iPSC and
cardiomyocyte cell culture
iPSC were generated from human dermal fibroblasts by reprogramming as

previously described.”> Additional details are provided in the Supplemen-
tary material online, Methods.

2.2. Pulse-chase isotopic labelling with amino
acids in iPSC-CM

iPSC-CM were equilibrated in light medium containing 10% dialysed foetal
bovine serum for 3 days and underwent the Pierce SILAC protein quanti-
fication kit as described by the manufacturer. Further details are described
in the Supplementary material online, Methods.

2.3. Mass spectrometry and data analysis

Protein identification by LC—MS/MS analysis of peptides was performed
using an Orbitrap Fusion Tribid mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA, USA) interfaced with an Ultimate 3000 Nano-HPLC
apparatus (Thermo Fisher Scientific, San Jose, CA, USA). The mass spec-
trometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE*® partner repository with the data set identifier
PXDO003621. Details are provided in the Supplementary material online,
Methods.

2.4. ldentification of prolyl hydroxylated
peptides

iPSC-CM samples as described in Section 2.2 were searched using oxidation
on proline as a variable (Figure 4A). In detail, the LC—MS data were searched
against the Swiss-Prot database [taxonomy Homo sapiens (human)] using
Mascot (Matrix Science, London, UK; version 2.5.1). Parameters for the
search engine were precursor mass tolerance at 20 ppm, fragment ion
mass tolerance at 0.8 Da, and trypsin enzyme with 2 miscleavages with me-
thyl methanethiosulfonate of cysteine as fixed modification and deamidation
of glutamine and asparagine, oxidation of methionine, and oxidation of pro-
line as variable modifications. Proteome Discoverer software (version 1.4)
was used and the data were filtered for high peptide confidence [false dis-
covery rate (FDR) of <1%]. From the peptide sequence annotation, the
proteins undergoing prolyl hydroxylation were identified.

2.5. cDNA library preparation and RNA-seq
analysis

The RNA samples underwent the TruSeq™ stranded total RNA sample
preparation according to the manufacturer’s protocols. Details are pro-
vided in the Supplementary material online, Methods.

2.6. mRNA isolation, bioanalyser analysis, and
quantitative RT-PCR analysis

mRNA isolation was performed using the RNeasy® mini kit (Qiagen, Val-
encia, CA, USA), and the protocol was followed as described by the manu-
facturer. Details are provided in the Supplementary material online,
Methods.

2.7. Data analysis

Data were expressed as means + SEM. Student’s t-test (two-tailed, homo-
dynamic variance) was used to compare between two groups and two-way
ANOVA was used for multiple comparisons. For all tests, a probability value
of <0.05 was considered as significant. Proteome Discoverer software
(version 1.4) was used and data were filtered for high peptide confidence
(FDR of <1%). For label-free analysis, light and heavy peptides were quan-
tified separately using an in-house software QUantificiation withOut Iso-
tope Labelling (QUOIL).?” Data were filtered for >2 peptides/protein
target. For RNA-seq analysis, the normalized output count per million
(CPM) values were compared by generalized linear model between condi-
tions. The differentially expressed transcripts were defined as >4-fold
changes with 1% FDR as described under RNA-seq analysis.

3. Results

3.1. Regulation of protein degradation

Prolyl hydroxylation has been shown to enhance degradation of several
proteins, including HIF-1a and the 3,-adrenergic receptor. To evaluate
if prolyl hydroxylation more widely alters the stability of proteins, we
performed a non-biased, proteomic study to identify proteins that ex-
hibit a change in turnover following addition of DMOG, an inhibitor of
oxygen- and a-ketoglutarate-dependent hydroxylases. Because we
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wanted to minimize changes in protein turnover that might be second-
ary to changes initiated by HIF, we examined changes that occurred
with relatively short treatment times with DMOG. Human iPSC-CM
were used as illustrated in Figure TA. Cells were cultured in light

+ Vehicle

medium and then switched to heavy medium and simultaneously trea-
ted with vehicle or DMOG. After switching to heavy medium, newly
synthesized proteins will incorporate heavy amino acids, and the rate
of decay of the light peptides provides a measure of protein
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Figure | Analysis of pulse-chase labelled amino acids in human iPSC-derived cardiomyocytes by mass spectrometry. (A) Human iPSC-derived cardi-
omyocytes were analysed 23 days after initiation of differentiation. Cardiomyocytes were adapted to dialysed foetal bovine serum containing light me-
dium for 3 days and then switched to heavy label ("*Cq4 L-lysine-2HCL, "*CJ>N,, L-arginine-HCl). Cells were separated into two groups: vehicle and
DMOG (1 mM). After 2, 6, and 18 h, groups were harvested and underwent tryptic digestion and mass spectrometry analysis. Representative ion chro-
matographs are shown for light peptides identified as significantly different (determined by QUOIL) between controland DMOG 18 h after switching to
heavy media for the peptide HLAGLGLTEAIDKNKADLSR from Serpin H1 (B) and IGNAKGDDALEKR from Phosphoserine aminotransferase (C).
Peaks are shown from three biological samples per group. (D) Summary of the proteomic analysis. See Supplementary material online, Methods for

details.


http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw081/-/DC1

Prolyl hydroxylases rapidly alter the proteome

349

degradation (Supplementary material online, Figures STA and S1B). Hea-
vy and light peptide groups were quantified separately with label-free
analysis.”” Representative ion chromatographs of light peptide areas
at the 18 h time point are shown in Figure 1B and C. The reproducibility
of the peptide quantitation is illustrated in Supplementary material on-
line, Figure S2.

We used both a multi-point and a single-point approach to deter-
mine differences in protein degradation between control and DMOG
as illustrated in Figure 1D. We found 752 proteins that were present in
control and DMOG groups at all three times. We performed a first-
order fit of the decay of light peptides on these 752 proteins and found
167 proteins that showed significant differences between control and
DMOG (P < 0.05; Supplementary material online, Excel Table ST). A
volcano plot shows light proteins that were significantly different be-
tween control and DMOG (Figure 2A). The vast majority of proteins
with a significant difference had reduced degradation with DMOG
treatment. Examples of the fitting are shown in Figure 2B for represen-
tative proteins. Using first-order decay analysis, we calculated protein
half-life and found a median value of 22.7 h in control (Figure 2C) and
35.2 h in DMOG (Figure 2D).

To facilitate comparison with the heavy peptide data, we measured
differences in light peptide levels at 18 h of treatment, and as shown in
the volcano plot (Supplementary material online, Figure S1C), we iden-
tified many peptides that showed a significant difference in degradation.
Supplementary material online, Excel Table S2 shows 97 proteins
that were significantly different between the groups (P < 0.05, pep-
tides > 2). Consistent with the fitting data in Figure 2 and Supplemen-
tary material online, Excel Table S1, the 18 h data showed that all but
two proteins were stabilized by addition of DMOG. Thus, as summar-
ized in Figure 1D, in the multi-point analysis, 167 proteins were identi-
fied as being significantly different between control and DMOG and
98.2% of those showed an increase in protein stability. In the single-
point analysis, 97 proteins were significantly different, and 97.9% of
those showed an increase in protein stability.

We performed PANTHER (Protein ANalysis THrough Evolutionary
Relationships) protein class analysis on proteins with reduced degrad-
ation and found changes in proteins involved in nucleic acid binding
(13.6%) and cytoskeletal function (12.6%; Figure 3A). The nucleic acid
binding protein group was enriched for RNA-binding proteins involved
in MRNA processes, such as alternative splicing (Figure 3B). We also
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Figure 2 Quantitative assessment of light proteins. (A) Volcano plot analysis shows the distribution of light proteins between control and DMOG.
First-order kinetic slopes were calculated from three time points. Two-way ANOVA was used for calculating the P-values from the fit of first-order
equations. Interesting targets are labelled and highlighted by arrows. Proteins stabilized by DMOG are on the left side and those destabilized are on
the right of the origin. Y-axis shows the negative log;o P-value and the X-axis shows the differences in rate (control — DMOG). (B) Representative
fits for selected proteins. The dotted lines show the measure of error. Distribution of protein half-lives under control (C) or DMOG (D) obtained
by the first-order equations to multi-point data (2, 6, and 18 h). Light peptide areas are shown normalized to the 2 h time point for both groups.
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Figure 3 Analysis for light and heavy proteins. (A) Using the online tool PANTHER classification system, protein class analysis was performed for light
proteins that were significantly stabilized in the presence of DMOG as analysed by the multiple-point method or the single-point method (18 h). Per-
centage of total number of identified protein classes are shown. (B) Further characterization shows that the nucleic acid binding proteins were enriched
for RNA-binding targets. (C) A volcano plot depicts the heavy proteins measured with the single-point method after 18 h. The horizontal line represents
P = 0.05, the vertical lines represent the threshold for the log, fold change (log,FC). (D) Using PANTHER, protein class analysis was performed for heavy
protein targets that showed a significant reduction in protein synthesis with DMOG (18 h, single-point method). Synthesis of cytoskeletal proteins was

strongly affected by DMOG.

performed PANTHER pathway analysis (Supplementary material online,
Figures $3) and used IPA® software to examine differences in network
interaction in proteins that showed a difference in stability following
DMOG. Interactions in networks involving cell survival (Supplementary
material online, Figure $4) and transcriptional regulation and mRNA pro-
cessing (Supplementary material online, Figure S5) were observed.

3.2. Differences in the rate of protein
synthesis with DMOG

We further determined if inhibition of prolyl hydroxylation alters pro-
tein translation. Label-free analysis was performed following DMOG to

determine the rate of incorporation of heavy peptides, which reflects
the rate of protein synthesis. A total of 53 proteins exhibited a signifi-
cant difference between controland DMOG (P < 0.05; Supplementary
material online, Table ST). A volcano plot for heavy proteins and pep-
tides is shown in Figure 3C and Supplementary material online, Figure
S1D, respectively. Interestingly, DMOG primarily decreased protein
synthesis relative to control. The 53 proteins, which show a significant
change in translation, are highly enriched for contractile and cytoskel-
etal proteins. Furthermore, protein synthesis of heterogeneous nuclear
ribonucleoproteins (which are involved in RNA processing), heat
shock proteins, histones, and elongation factors were decreased. Path-
way analysis (Supplementary material online, Figure S3C) shows
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enrichment of pathways involving cytoskeletal regulation by Rho
GTPase. Protein class analysis shows that DMOG causes changes in
translation of cytoskeletal proteins, chaperones, and nucleic acid bind-
ing proteins (Figure 3D). RNA-binding proteins accounted for 60% of
the nucleic acid binding group, most of them were translation factors
(66.7%; Figure 3B).

3.3. ldentification of the cardiac prolyl
hydroxalome

Next, we identified novel sites of prolyl hydroxylation in the samples
obtained from the pulse-chase amino acid labelling study (Figure 4A).
Given the large number of proteins that catalyse proline hydroxylation,
we hypothesized that there are likely to be additional uncharacterized
proteins with proline hydroxylation. We filtered out collagen and pep-
tides that were only present in one sample, yielding 95 prolyl hydroxy-
lated light peptides and 39 prolyl hydroxylated heavy peptides, which
mapped to 78 proteins (Supplementary material online, Excel Table
$3). Representative spectra are shown in Supplementary material on-
line, Figure S6. We identified several isoforms of protein disulfide
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oxidoreductase (PCO01786)
phosphatase (PC00181)
membrane traffic protein (PC00150)
defensel/immunity protein (PC00090)
calcium-binding protein (PC00060)
ligase (PC00142)

transferase (PC00220)

transporter (PC00227)

isomerase (PC00135)

kinase (PC00137)

structural protein (PC00211)
transfer/carrier protein (FC00219)
protease (PC00190)
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% of total

isomerase (PDIA1, PDIA3, PDIA4, PDIA6), which is a multifunctional
protein that is also a subunit of prolyl 4 hydroxylase. We observed pro-
lyl hydroxylation of several splicing factors and RNA-binding proteins
(Table 1). Cardiac actin (proline 72) was also found to be prolyl hydro-
xylated. Non-muscle actin was recently reported to undergo prolyl hy-
droxylation at prolines 307 and 322."” Gene ontology analysis of prolyl
hydroxylated proteins showed enrichment in RNA binding, poly(A)
RNA binding, and protein disulfide isomerase activity (Figure 4B). PAN-
THER protein class analysis showed that prolyl hydroxylated proteins
were mainly cytoskeletal and nucleic acid binding proteins (Figure 4C),
and PANTHER pathway analysis identified prolyl hydroxylated proteins
to be involved in cytoskeletal regulation (Supplementary material
online, Figure S7).

As shown in Table 1 in detail, 29 of the 78 prolyl hydroxylated pro-
teins exhibited a change in protein degradation or translation. The
overlap is illustrated in Figure 4D. These data suggest that there are
many additional, unidentified roles for prolyl hydroxylation.

To analyse the effect of DMOG on prolyl hydroxylation, we investi-
gated light and heavy proteins separately. For the light peptides, which
are present in pre-existing proteins, the level of proline hydroxylation

B
# Genes  # Genes

GO-Term GO-Term ID P-value (observed)  (total)
RNA binding GO:0003723 1.53E-11 29 1546
poly(A) RNA binding GO:0044822 1.18E-09 23 1151
protein disulfide isomerase
activity GO:0003756 4.80E-08 5 22
intramolecular oxidoreductase
activity, transposing S-S bonds GO:0016864 4.80E-08 5 22
protein binding GO0:0005515 2.00E-07 61 8512
structural constituent of
cyloskeleton G0:0005200 3.33E-07 7 97
unfolded protein binding GO:0051082 4.40E-07 7 101
intramolecular oxidoreductase
activity GO:0016860 4.67E-06 5 53
structural molecule activity GO:0005198 4.82E-06 13 616
heterocyclic compound binding GO:1901363 1.63E-05 45 o767

D
Proteins Prolyl hydroxylated
significantly Proteins
different
(SILAC;
Light+Heavy)

Light: prolyl hydroxylated peptides Heavy: prolyl hydroxylated peptides

o
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Figure 4 Identification of prolyl hydroxylated peptides using mass spectrometry analysis of the pulse-chase labelled amino acids in human iPSC-CM.
(A) The mass spectrometric data from the Orbitrap Fusion system was searched for proline oxidation in control (n = 3) and DMOG (n = 3) samples.
Proteome Discoverer software (version 1.4) was used to filter the data for high peptide confidence (FDR of <1%) to identify prolyl oxidated peptides
and for annotation to the respective proteins. Prolyl hydroxylated peptides were identified in at least two out of six samples. (B) Genomatrix Genome
Analyser software was used to identify enriched gene ontology (GO) terms for the prolyl hydroxylated proteins. Listed here are the top 10. (C) Protein
class analysis was performed for prolyl hydroxylated proteins identified in mass spectrometric analysis with PANTHER. Protein classes are shown as
percentage of total number of identified protein classes. (D) Schematic illustration for overlap between prolyl hydroxylated proteins and proteins
with a change in degradation/synthesis. (E) Effect of DMOG on the number of light vs. heavy prolyl hydroxylated peptides. Data are shown + SEM.

**P < 0.01 vs. control (Student’s t-test).
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Table | Prolyl hydroxylated proteins

#

Protein name and accession number

Sequence

Protein
stability

Protein
synthesis

10

11

12

13

14

15

16
17

18

19
20
21

Actin, alpha cardiac muscle 1, P68032

Actin, cytoplasmic 1, P60709

Actin, gamma-enteric smooth muscle,
P63267

Desmoplakin, P15924
Elongation factor 1-alpha 1, P68104

Fibronectin, P02751

Heterogeneous nuclear
ribonucleoprotein A1, P09651

Prolyl 4-hydroxylase subunit alpha-1,
P13674

Pyruvate kinase PKM, P14618

Serine/arginine-rich splicing factor 2,
Q01130
Serpin H1, P50454

Tenascin, P24821

Tubulin beta-3 chain, Q13509

60 kDa heat shock protein, mitochondrial,
P10809

Cofilin-1, P23528

Elongation factor 2, P13639
Endoplasmin, P14625

Heat shock protein beta-1, P04792
Myosin-6, P13533

Palladin, Q8WX93
PDZ and LIM domain protein 1, O00151

GILTLKYpIEHGITNWDDMEKIWHHTFYNELR
KYSVWIGGSILASLSTFQ@MWISKQEYDEAGpSIVHRK
RGILTLKYpIEHGITNWDDMEKIWHHTFYNELR
VAPEEHPTLLTEAPLNpKANREK
YSVWIGGSILASLSTFQQMWISKQEYDEAGHSIVHRK

GILTLKYpIEHGIVINWDDMEKIWHHTFYNELR
LcYVALDFEGQEMATAASSSSLEKSYELpDGQVITIGNER
rGILTLKYpIEHGIVTnWDDMEKIWHHTFYnELR
rGILTLKYpIEHGIVTNWDDMEKIWHHTFYNELr
RGILTLKYpIEHGIVTNWDDMEKIWHHTFYNELR
VAPEEHPVLLTEAPLNpKANR
YpIEHGIVTNWDDMEKIWHHTFYNELR

GILTLKYpIEHGITNWDDMEKIWHHSFYNELR
IIAPPERKYSVWIGGSILASLSTFQOMWISKpEYDEAGPSIVHR
KYSVWIGGSILASLSTFQQMWISKpEYDEAGPSIVHR
KYSVWIGGSILASLSTFQOmMWISkpEYDEAGPSIVHrk

IGLVrPGTALELLEAQAATGFIVDPVSNLRLpPVEEAYKr

kDGNASGTTLLEALDcILPpTrPTDKPLRLPLODVYk
kDGNASGTTLLEALDcILPPTrPTDKPLRLpLgDVYk
VETGVLKpGMVVTFAPVNVTTEVK
cDpVDQcgDSETGTFYQIGDSWEK
FTNIGpDTmrVTWApPPPSIDLTNFLVR
GRWKcDpVDQcqDSETGTFYQIGDSWEkK
GRWKcDpVDQcQDSETGTFYQIGDSWEk
TqGNKQMLcTcLGNGVScQETAVTQTYGGNSNGEpcVLPFTYnNGR
TqGnKQMLcTcLGNGVScQETAVTQTYGGNSNGEpcVLPFTYNGR
TqGNKQMLcTcLGNGVScQETAVTQTYGGNSNGEPcVLPFTYNGR
TqGNKQMLcTcLGNGVScQETAVTQTYGGNSNGEpcVLPFTYnGR
VGDTYERpKDSMIWDCcTcIGAGr
SHFEQWGTLTDcVVMrDpNTKR
GFGFVTYATVEEVDAAMNARpHKVDGr

FHDIISDAEIEIVKDLAKpR

AEGSDVANAVLDGADcIMLSGETAKGDYpLEAVR
KGDVVIVLTGWRpGSGFTNTMR
TATESFASDPILYRpVAVALDTKGPEIr

SYGrppPDVEGMTSLKVDNLTYR

KPAAAAAPGTAEKLSPK
SALQSINEWAAQTTDGKLpEVTKDVER

GLcVDGQcVcEDGFTGPDCAELScpnDcHGqGr
WQPAIATVDSYVISYTGEKVpEITR

LHFFMPGFApLTAr
LHFFMPGFApPLTAR
LHFFmPGFApPLTAR

TALLDAAGVASLLTTAEVVVTEPKEEKDPGMGAMGGMGGGMGGGMF

MLpDKDCcR
NIILEEGKEILVGDVGqTVDDpYATFVK

WLPAGDALLQMITIHLPSpVTAQKYR

GYEVIYLTEPVDEY cIQALpEFDGKR
TETVEEPMEEEEAAKEEKEESDDEAAVEEEEEEKKpK

LPEEWSqWLGGSSWPGYVRPLPPAAIESpAVAAPAYSR
YTLPPGVDpTqVSSSLSPEGTLTVEAPMPK

ApGVMDNPLVMHQLR
SAPAMQSSGSFNYARpK
VITNQYNnpAGLYSSENISNFNNALESK

Continued
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Table | Continued

# Protein name and accession number Sequence Protein Protein
stability synthesis
22 Protein disulfide isomerase A3, P30101 ISDTGSAGLMLVEFFApWcGHcKR ? -
ISDTGSAGLMLVEFFApWcGHcKR
23 Protein disulfide isomerase A4, ENFDEVVNDADIILVEFYApWcGHcKK ? -
P13667 KDVLIEFYApWcGHcK
24  Protein disulfide isomerase A6, Q15084 EVIQSDSLWLVEFYApWcGHcQR 4 -
25 Protein disulfide isomerase OS, P07237 KNVFVEFYApWcGHcK 1 -
NFEDVAFDEKKNVFVEFYApWcGHcK
NVFVEFYApWcGHcK
YLLVEFYApWcGHcK
26 Splicing factor, proline- and NLSpYVSnELLEEAFSQFGPIER 1 -
glutamine-rich, P23246
27  T-complex protein 1 subunit delta, P50991  AFADAMEVIpSTLAENAGLNPISTVTELR T -
AFADAMEVIpSTLAENAGLNPISTVTELR
AFADAMEVIpSTLAENAGLNPISTVTELR
28 Transitional endoplasmic reticulum ~ GFGSFRFPSGNqGGAGpPSqGSGGGTGGSVYTEDNDDDLYG 4 N
ATPase, P55072 GFGSFRFPSGNQGGAGPSqGSGGGTGGSVYTEDNDDDLYG
29 Tubulin beta-4B chain, P04350 AVLVDLEpGTMDSVR - 1

Prolyl hydroxylated peptides were also identified as showing a difference in protein stability/synthesis in the pulse-chase amino acid labeling quantification. Proteins were identified by LC—
MS/MS and accession numbers and protein IDs are from the Swiss-Prot/Uniprot databases. The hydroxylated proline residue is in bold and italicized. Peptides were filtered to 1% FDR using
the Percolator algorithm in Thermo Proteome Discoverer software. Other post-translational modifications are represented by lower case letters: m stands for oxidation of methionine, ¢
stands for methyl methanethiosulfonate of cysteine, n stands for deamidation of asparagine, q stands for deamidation of glutamine. Further details for the lon Score (Mascot Score) and the
posterior error probability (characterizes the probability that the observed peptide spectrum matched (PSM) is incorrect) can be found in Supplementary material online, Excel Table S3.

RNA-binding proteins and splicing factors are in bold.

was similar between control and DMOG. This would be consistent
with the lack of an enzyme to remove proline hydroxylation. When
we analysed the heavy label, which is present in newly synthesized pro-
teins, we found significantly less prolyl hydroxylation with DMOG vs.
control (Figure 4E).

3.4. Changes in the cardiomyocyte
transcriptome following hydroxylase
inhibition

To determine if the changes in protein synthesis with DMOG observed
in Figure 3C were due to alterations in mRNA, we analysed changes in
the mRNA expression profiles in control and 18 h DMOG-treated car-
diomyocytes. Principle component analysis (Figure 5A) and heat map
clustering (Figure 5B) showed a clear separation between control and
DMOG. We identified 352 transcripts (Supplementary material online,
Excel Table $4) with at least a four-fold difference between control and
DMOG (FDR <1%, complete data set is available online: GSE71560
accession number). A volcano plot of the 352 transcripts shows an
equal distribution between mRNAs with an increase and decrease in
expression (Figure 5C). In contrast to the mRNA data, the proteomics
data showed a preponderance of proteins with a decrease in protein
synthesis after DMOG treatment (Supplementary material online,
Table ST). When we compared the changes of mMRNA vs. the changes
in protein synthesis, we found a poor correlation (Figure 5D).

3.5. Hydroxylase inhibition promotes
alternative splicing

We found proline hydroxylation of several RNA splicing factors
and RNA-binding proteins (Table 1 and Supplementary material online,

Excel Table $3), and this, along with the finding that DMOG altered
synthesis and stabilization of RNA-binding proteins, led us to investi-
gate alternative splice variants. Using mixture of isoforms software,
we detected 369 alternative splicing events that were different be-
tween control and DMOG, with a preponderance of exon skipping
(Supplementary material online, Excel Table S5). The details of the
different splicing events are shown in Supplementary material online,
Table S2 (complete data set is available online: GSE71560 accession
number). As shown in Figure 6A, using IPA® software, these alternative-
ly spliced genes are enriched in leucine and isoleucine degradation as
well as the NAD salvage pathway. Figures 6B and C show sashimi plots
and the frequency distributions for mitochondrial branched-
chain-amino-acid aminotransferase (BCAT2), an enzyme involved in
leucine and isoleucine degradation, and cytosolic purine
5-nucleotidase Il (NT5C2), which is involved in the NAD salvage path-
way. With DMOG, BCAT2 exhibited reduced exon skipping and
NT5C2 exhibited increased exon skipping (Figure 6D). Using Homer
analysis, we found a purine-rich motif enriched in differentially spliced
exons compared with a randomly shuffled sequence background
(Figure 6E). Since serine/arginine (SR)-rich splicing factors are known
2829 5ur finding implies that DMOG-
dependent alternative splicing might be mediated by SR family splicing

to bind to purine-rich motifs,

factors, which we observed to be prolyl hydroxylated and whose pro-
tein stability was found to be altered with DMOG. We further scanned
260 SR-rich splicing factor 2 (SRSF2) exon skipping event sequences
and identified common AGG-boxes, indicating that SRSF2 might
be involved in mediating the observed differences. Taken together,
these results support the notion that inhibition of oxygen- and
a-ketoglutarate-dependent hydroxylases can lead to alteration in
splicing.
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Figure 5 Comparison of the cardiac transcriptome and protein translation. iPSC-derived cardiomyocytes were analysed 18 h after vehicle (control) or
DMOG. (A) Principle component analysis of control (n = 5) and DMOG (n = 5) mRNA samples from RNA-seq. Blue label indicates the control group
and orange label indicates DMOG. Clustering analysis showed sample grouping within the respective treatment. (B) Heatmap gene clustering analysis of
controland DMOG samples (after 18 h). The expression for each gene is shown in rows, and samples are clustered in columns. The expression levels of
each gene across the samples are shown as log;CPM (counts). The scaled expression values are colour-coded according to the legend. The dendrogram
depicting hierarchical clustering is based on the expression of significantly different genes. (C) Volcano plot of MRNA-sequencing data. The horizontal
line represents the false-positive control (FDR) at 1%, the vertical lines represent the threshold for the log, fold change (log,FC). The X-axis depicts the
log, difference in estimated relative expression values. Vertical lines represent the threshold for the log; fold change. The DMOG transcripts that are
up-regulated (right) or down-regulated (left) greater than four-fold are marked as *. Previously described HIF-1a target genes are highlighted in blue. (D)
Correlation between differences in proteins (heavy) and mRNA synthesis + DMOG.

4. Discussion

This study applied a multi-pronged approach to investigate biological
effects of oxygen- and a-ketoglutarate-dependent hydroxylases in hu-
man cardiomyocytes. Excluding collagen, we identified a large number
of novel proteins exhibiting proline hydroxylation. We found 134 high
confidence peptides mapping to 78 unique proteins. Of particular
interest, 37% of prolyl hydroxylated proteins exhibited reduced rates
of degradation and/or reduced rates of translation with inhibition of

prolyl hydroxylation. There are two general possibilities for the modest
overlap between proline hydroxylation and alterations in protein stabil-
ity/synthesis. It is likely that prolyl hydroxylation regulates additional
processes. For example, prolyl hydroxylation of actin has been shown
to reduce actin polymerization,'” and prolyl hydroxylation of the
human homologue of the Caenorhabditis elegans biological clock protein
CLK-2 (HCLK2) enhances its binding to and activation of ataxia
telangiectasia and Rad3-related kinase (ATR/CHK).>® Alternatively,
large-scale proteomic approaches do not capture all of the modified
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Figure 6 RNA-seq data. (A) Pathway analysis for splice variants by the Ingenuity Pathway Analysis (IPA®) showed differences in exon skipping between
control and DMOG (n = 5 per group). The P-value was calculated by IPA® based on Fisher’s exact test. The percentage characterizes the number of
identified genes associated with that pathway. (B) Sashimi plot and frequency analysis for two targets: BCAT?2, involved in the branched-chain-amino-acid
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proteins. It is possible that there are additional unidentified prolyl hy-
droxylated proteins and additional proteins with altered protein
stability.

We analysed the prolyl hydroxylation data to determine if prolyl hy-
droxylation is altered by DMOG. As there is no known enzyme to re-
move prolyl hydroxylation, we were not surprised that there was no
difference in the level of prolyl hydroxylation in the light peptides,
which label the proteins existing prior to addition of DMOG. However,
as the heavy label is present in newly synthesized peptides, we ex-
pected there to be significantly less prolyl hydroxylation in the
DMOG vs. the control heavy label group, which was indeed the case
(Figure 4E). These data are consistent with the lack of an enzyme to glo-
bally remove prolyl hydroxylation (we cannot rule out some selectively
targeted removal enzymes).

Some recent papers have used proteomic approaches to enrich for
prolyl hydroxylated proteins.”"®3" Arsenault et al. used a Von Hip-
pel—Lindau (VHL) scaffold protein to bind and capture prolyl hydrox-
ylation targets and identified five novel targets: FK506-binding protein
10, myosin heavy chain 10, hexokinase 2, pyruvate kinase, and C-1 tet-
rahydrofolate synthase. We did not identify these targets in our screen.
Reasons for the lack of overlap include differences in cell type and the
approach used for enriching for prolyl hydroxylation. Their approach
would select for proteins that bind VHL and this is likely to be a subset
of prolyl hydroxylated proteins. In another study, Luo et al. used an
antibody against proline hydroxylation for enrichment in Hela cells
and reported one new target: non-muscle actin.'”” We identified a re-
lated protein, cardiac actin in our screen. Ratcliffe et al. applied a
proteomics-based technique to identify substrates of asparaginyl hy-
droxylase factor inhibiting HIF (FIH). They used DMOG as a substrate
trapping agent (it stabilizes the interaction) along with SILAC in U20S
cells to identify preferential DMOG-stabilized interactions with FIH
and identified 13 new FIH-dependent hydroxylation sites.>’

One of the best characterized effects of prolyl hydroxylation is tar-
geting proteins for degradation. We hypothesized that there are many
proteins in addition to HIF-1a and (3-adrenergic receptor that are tar-
geted for degradation by prolyl hydroxylation. This study is the first to
perform a large-scale characterization of changes in the rate of protein
degradation that are dependent on a-ketoglutarate-dependent hydro-
xylase activity in human cardiomyocytes. We found that DMOG pro-
moted a decrease in protein degradation. These stabilized proteins are
potential candidates for hypoxic signalling in the heart, and consistent
with this concept, these proteins are involved in angiogenesis along
with actin cytoskeleton regulation and RNA processing. Furthermore,
our study provides important information on protein half-lives in hu-
man iPSC-CM. Alterations in protein degradation can have important
physiological consequences, and only a handful of studies have compre-
hensively measured cardiac protein turnover rate,>* and to our knowl-
edge there are none in iPSC-CM, which are increasingly used as a
model to study cardiac physiology and disease. >

We measured changes in protein synthesis following DMOG treat-
ment and observed that inhibition of prolyl hydroxylation for 18 h re-
sults in inhibition of protein translation. It is noteworthy that hypoxia,
which can regulate prolyl hydroxylation, has been shown to selectively
reduce protein synthesis.>* Furthermore, this decrease in protein syn-
thesis following DMOG occurred in the absence of a change in mRNA
levels, suggesting that inhibition of protein hydroxylation leads to a de-
crease in the rate of translation. A change in protein synthesis in the ab-
sence of a change in mMRNA has been previously reported in hibernating
animals.>* Inhibition of OGFOD1, a newly described hydroxylase, has

been reported to lead to a decrease in translation and stress granule
formation.'*>> Supplementary material online, Table $1 shows that af-
fected targets included tubulins, actin, and myosin. It is known that actin
filaments in association with myosin are responsible for cellular move-
ments. We saw decreased protein synthesis in cardiac-specific sarco-
meric proteins such as myosin-6 and cardiac actin, which could affect
contractility. It has been shown that cardiac contractility decreases in
perfused rat hearts under hypoxia and cardiac hibernation.*¢*’

We observed that DMOG altered the rate of protein degradation
and synthesis of a large number of RNA-binding and -regulatory pro-
teins. Inhibition of hydroxylases increased the stability of SRSF2, splicing
factor proline/glutamine-rich (SFPQ), and heterogeneous nuclear ribo-
nucleoprotein A1. We also identified novel sites of prolyl hydroxyl-
ation on these proteins. Because of these findings, we hypothesized
that DMOG might cause alterations in mRNA splicing. We further
identified a significant difference in the rate of degradation of serine—
threonine kinase receptor-associated protein in the presence of
DMOG in comparison to control. Interestingly, this protein (‘unrip’)
has been shown to bind to the macromolecular complex containing
survival of motor neurons, which is involved in mediating the assembly
of spliceosomal small nuclear ribonucleoproteins.®®3°

We detected 369 alternative splicing events that differed between
control and DMOG, with a preponderance of exon skipping. These
data are consistent with studies reporting that hypoxia (which inhibits
many prolyl hydroxylases) is associated with altered rates of protein
synthesis, altered miRNAs, and altered splicing.>**°*! Alternative spli-
cing has also been shown to occur in heart failure.*> These findings are
of interest given recent studies identifying novel prolyl hydroxylases
that target ribosomal proteins that alter rates of translation and RNA
processing.”">"1*3>* We verified proteins such as BCAT2 and NT5C2
as being affected in exon skipping following DMOG treatment. The
functional consequences of these modified splicing events will need
to be investigated in future research.

DMOG in the millimolar range has been used by numerous groups
to study the consequences of inhibition of a-ketoglutarate-dependent
hydroxylases.>"**=*’ It has been shown that protein stabilization of HIF
was not reproducibly seen with concentrations below 1 mM.* Add-
itionally, previous studies showed that addition of 1 mM DMOG in
cell culture medium for 7 days was not cytotoxic,**¢*€ although a re-
cent study reported that DMOG can acutely reduce oxygen consump-
tion in HCT116 cells.*” To assure complete inhibition of proline
hydroxylation, 1 mM DMOG was used. Additionally, although
DMOG is used in many studies as an inhibitor of HIF-PHDs, it inhibits
a broad range of a-ketoglutarate-dependent oxygenases. Thus, exam-
ining the effect of DMOG provides an integrated picture of the effects
of systematic inhibition of the a-ketoglutarate-dependent oxygenases
in cardiac cells. It will be useful in future studies to tease out the precise
a-ketoglutarate-dependent oxygenases responsible for the different
effects of DMOG (alterations in splicing vs. translation vs. protein
degradation).

In summary, this study provides the first extensive characterization
of the prolyl hydroxylome, identifying over 100 sites of prolyl hydrox-
ylation. Consistent with a regulatory role for many of these sites, we
find that the rate of degradation and/or protein synthesis is altered
for ~37% of these proteins (Table 1). Taken together, this study shows
that inhibition of a-ketoglutarate-dependent hydroxylases results in al-
teration of protein synthesis and degradation and affects alternative
splicing, which allows the cardiac cell to rapidly adjust to new condi-
tions, such as hypoxia.
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