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Abstract

Rationale—Increased protein synthesis of pro-fibrotic genes is a common feature in cardiac 

fibrosis and heart failure. Despite this observation, critical factors and molecular mechanisms for 

translational control of pro-fibrotic genes during cardiac fibrosis remain unclear.

Objective—To investigate the role of a bifunctional aminoacyl-tRNA synthetase (ARS), 

glutamyl-prolyl-tRNA synthetase (EPRS) in translational control of cardiac fibrosis.

Methods and Results—Results from re-analyses of multiple publicly available datasets of 

human and mouse heart failure, demonstrated that EPRS acted as an integrated node among the 

ARSs in various cardiac pathogenic processes. We confirmed that EPRS was induced at mRNA 

and protein levels (~1.5–2.5 fold increase) in failing hearts compared with non-failing hearts using 

our cohort of human and mouse heart samples. Genetic knockout of one allele of Eprs globally 

(Eprs+/–) using CRISPR-Cas9 technology or in a Postn-Cre-dependent manner (Eprsflox/+; 

PostnMCM/+) strongly reduces cardiac fibrosis (~50% reduction) in isoproterenol-, transverse 

aortic constriction-, and myocardial infarction-induced heart failure mouse models. Inhibition of 

EPRS using a prolyl-tRNA synthetase (PRS)-specific inhibitor, halofuginone (Halo), significantly 

decreases translation efficiency of proline-rich collagens in cardiac fibroblasts as well as TGF-β-

Address correspondence to: Dr. Peng Yao, Aab Cardiovascular Research Institute, Department of Medicine, University of Rochester 
School of Medicine & Dentistry, Rochester, NY 14642 peng_yao@urmc.rochester.edu. 

DISCLOSURES
None.

HHS Public Access
Author manuscript
Circ Res. Author manuscript; available in PMC 2021 August 28.

Published in final edited form as:
Circ Res. 2020 August 28; 127(6): 827–846. doi:10.1161/CIRCRESAHA.119.315999.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activated myofibroblasts. Overexpression of EPRS increases collagen protein expression in 

primary cardiac fibroblasts under TGF-β stimulation. Using transcriptome-wide RNA-Seq and 

polysome profiling-Seq in Halo treated fibroblasts, we identified multiple novel Pro-rich genes in 

addition to collagens, such as Ltbp2 and Sulf1, which are translationally regulated by EPRS. 

SULF1 is highly enriched in human and mouse myofibroblasts. In the primary cardiac fibroblast 

culture system, siRNA-mediated knockdown of SULF1 attenuates cardiac myofibroblast activation 

and collagen deposition. Overexpression of SULF1 promotes TGF-β-induced myofibroblast 

activation and partially antagonizes anti-fibrotic effects of Halo treatment.

Conclusions—Our results indicate that EPRS preferentially controls translational activation of 

proline codon rich pro-fibrotic genes in cardiac fibroblasts and augments pathological cardiac 

remodeling.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide. 

Heart failure (HF), a major manifestation of CVD, is often accompanied by cardiac fibrosis 

driven by increased pro-fibrotic protein synthesis following cardiac fibroblast (CF) 

activation1. According to the central dogma, protein synthesis requires gene transcription 
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and mRNA translation, both of which can be regulated to control protein production. 

Transcriptional regulation during cardiac fibrosis has been extensively studied1, 2. However, 

the fact that protein expression often does not correlate with mRNA abundance3, 4 indicates 

translational control as another critical layer of regulation in promoting pro-fibrotic protein 

synthesis5, 6. Although increased pro-fibrotic protein synthesis has been observed in cardiac 

fibrosis4, 5, the underlying regulatory mechanism of pro-fibrotic mRNA translation in CFs 

has not been identified. This unaddressed question represents a critical gap in our 

understanding of the regulatory control of cardiac fibrosis in the pathologic remodeling 

process.

Human translation machinery is comprised of three major parts, ribosomes, translation 

factors (initiation/elongation/termination factors), and aminoacyl-transfer RNAs (aa-

tRNAs)7, ligation products of amino acids and tRNAs that are catalyzed by aminoacyl-tRNA 

synthetases (ARSs)8, 9. Among all mammalian ARSs, glutamyl-prolyl-tRNA synthetase 

(EPRS) catalyzes the attachment of two amino acids, glutamic acid (E) and proline (P), to 

their cognate tRNAs for protein synthesis through two catalytic domains10. Since many pro-

fibrotic proteins are proline-rich such as collagens, EPRS-mediated translational regulation 

probably plays a critical role in pro-fibrotic protein synthesis during cardiac fibrosis. As 

supporting evidence, in human genetics, hypoactive mutations in the PRS domain of EPRS 

leads to hypomyelinating leukodystrophy without causing any known cardiac dysfunction in 

patients11. These EPRS mutations imply that reduced PRS enzymatic activity may not have 

adverse effects on normal heart function while reducing proline-rich protein synthesis. 

However, the role of EPRS in cardiac disease is still unexplored. Further, an (E)PRS-specific 

inhibitor, halofuginone (Halo), blocks binding of (E)PRS to proline and tRNAPro and 

prevents their ligation12–14. Halo has been used to treat Duchenne Muscular Dystrophy 

(Akashi Therapeutics) by reducing fibrosis and increasing muscle strength (phase II clinical 

trials). Also, the Glaxo Smith Kline company confirmed its anti-fibrotic and cardiac 

protective activity in multiple mouse heart failure models15. However, the therapeutic 

mechanism of Halo has only been studied at the transcriptional level in triggering an amino 

acid starvation response (AASR) and a noncanonical TGF-β signaling pathway12, 15–18. The 

direct and preferential downstream transcripts regulated at the translational level by Halo-

mediated inhibition of EPRS remains unclear. A previous study has revealed that decreased 

levels of the ribosome, a general translation machinery component, selectively regulated 

translation of a subset of transcripts in human hematopoiesis19. Therefore, as a general 

translation factor, EPRS may also have preferential translational targets during cardiac 

fibrosis, which has not been explored17, 18.

Here, we examined EPRS-mediated regulatory mechanisms of pro-fibrotic protein synthesis 

at the translatome-wide level in fibroblasts. We show that EPRS is induced in human and 

mouse failing hearts. EPRS is an integrated node downstream of various cardiac pathologic 

cues for translational control in cardiac fibrosis. Increased EPRS expression contributes to 

the elevated translation of proline (Pro)-rich (PRR) mRNAs via enhanced translation 

elongation in CFs. Genetic knockout of Eprs antagonized cardiac pathologic remodeling and 

fibrosis in different mouse heart failure models. Moreover, by using the EPRS inhibitor 

Halo, we found that EPRS inhibition selectively reduces PRR mRNA translation, such as 

collagens and other novel PRR genes, including LTBP2 and SULF1. Finally, we show that 
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SULF1 is a novel biomarker for cardiac fibrosis, and that knockdown of SULF1 remarkably 

abolishes myofibroblast activation.

METHODS

A detailed description of materials and methods is provided in the online Supplemental 

Materials and the Major Resource Table. All data that support the findings of this study are 

available in the article and the online supplementary files. Additional technical information 

is available from the corresponding author upon request.

Human Specimens

All human samples of frozen cardiac tissues, including 17 samples from explanted failing 

hearts and 8 samples from non-failing donor hearts, as well as paraffin-embedded section 

slides from dilated cardiomyopathy (DCM), ischemic heart failure (IHF) or non-failing 

donor (NF) hearts, were acquired from the Cleveland Clinic. This study was approved by the 

Material Transfer Agreement between the University of Rochester Medical Center (URMC) 

and the Cleveland Clinic. All human samples were picked up randomly based on the 

presence or absence of heart failure by our collaborator, Dr. Wai Hong Wilson Tang at 

Cleveland Clinic. We are blinded from any clinical data. There may still be some sort of bias 

in the inclusion of human samples as exemplified as follows: 1) the sample size is limited 

and it may not fully reflect the outcome from a much larger population. 2) a sub-region of 

the left ventricle of the human hearts were collected for the experiments. Thus, it may not 

fully recapitulate the outcome in the whole heart. This is a limitation within human samples 

experiments in the current research.

Mice

The Eprs+/– heterozygous knockout (Eprs haploinsufficiency) chimera founder mice were 

produced in the University of Rochester Mouse Genome Editing Resource. We generated the 

Eprs targeted male chimera mouse on the C57BL/6J background and performed germline 

transmission. Using the CRISPR-Cas9 system, a gRNA 

(GCUAGAAUUGCAACUACGUCUGG) and a homology-directed recombination DNA 

template containing an insertion of tandem stop codons plus an adenosine residue 

(UAAUAAA) were used to introduce the early stop signal in exon 3 of the Eprs gene, 

resulting in a null allele. For experiments with Eprs+/– mice, control mice of the same age 

and gender from littermates or sibling mating were used. All animal procedures were 

performed following the National Institutes of Health (NIH) and University of Rochester 

Institutional guidelines. Three different HF models were used: (1) Isoproterenol (ISO) 

infusion model (20 mg/kg per day; neural hormonal model). (2) Transverse aortic 

constriction (TAC; surgical model). (3) Myocardial infarction (MI; surgical model). Eprs 
floxed mouse line Eprs_tm1c_B03 (C57BL6/N-Eprs<tm1c(EUBOMM)Hmgu>/Tcp) was 

purchased from The Center for Phenogenomics (Toronto, Canada) in the form of frozen 

sperm20. The Eprsflox/+ tm1c mouse line was rederived using In Vitro Fertilization 

performed by the Mouse Genome Editing Resource at URMC. The Eprsflox/+ tm1c mouse 

line was bred with PostnMCM/+ mice21 to obtain a tamoxifen-inducible Postn-Cre-driven 

Eprs conditional knockout (cKO) mouse line. We used one single initial dose of 30 μg/g of 
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mouse body weight for tamoxifen (TMX) intraperitoneal injection followed by TMX food 

for the entire pathologic stimulus of TAC surgery. We performed power analysis for group 

size justification. Mice were randomized for experiments. Animal operations, including ISO 

infusion, TAC, and MI surgery, and echocardiography measurement, were performed blindly 

by the Microsurgical Core surgeons. Sections and histology analyses were performed blindly 

by the Histology Core.

Analysis of translational activity by polysome profiling

Polysome profiling for cytosolic translation was performed as previously described22. 

Cycloheximide (CHX, 100 μg/ml) was added to the cells for 15 mins before lysis to freeze 

ribosomes on mRNAs in the elongation phase. Approximately 107 cells were lysed in TMK 

lysis buffer (10 mM Tris-HCl pH 7.4, 100 mM KCl, 5 mM MgCl2, 1% Triton X-100, 0.5% 

Deoxycholate, 2 mM DTT) containing 100 μg/ml CHX, 4 U/ml RNase inhibitor (NEB) and 

proteinase inhibitor cocktail (Roche) on ice for 20 mins. Equal amounts of A260 absorbance 

from each sample were loaded onto a 10–50% sucrose gradient solution and centrifuged at 

29,000 rpm for 4 hrs; 22 translation fractions were collected from each sample by Density 

Gradient Fractionation System (BRANDEL). Based on the UV absorbance curve, the 22 

fractions were pooled into seven samples for total RNA extraction and RT-qPCR analysis, 

including free mRNP, 40S small ribosome subunit, 60S large ribosome subunit, 80S 

monosome, light polysomes (disome, trisome, etc.), and heavy polysomes (>5 ribosomes). 

For polysome-Seq, all the fractions were pooled into three samples, non-polysome (free 

mRNP, 40S, 60S subunit), light polysome (monosome, disome, trisome, tetrasome), and 

heavy polysome (≥5 ribosomes). Total RNA was extracted from the same volume of each 

pooled fraction with Trizol LS (ThermoFisher Scientific), and Renilla luciferase mRNA 

from in vitro transcription was used as RNA spike-in and loading control for RT-qPCR. The 

RNA-Seq and polysome-Seq data were analyzed by Genome Research Center of 

URMC23–27 and uploaded to the NCBI GEO database with ID of GSE136838.

Statistical analysis

All quantitative data were presented as mean ± SEM and analyzed using Prism 8.3.0 

software (GraphPad). The statistical significance was analyzed by Prism 8.3.0 and R 3.5.1, 

and the non-parametric post hoc pairwise comparisons were performed using r package 

PMCMR27, 28. We used Kolmogorov-Smirnov test to assess if the data are normally 

distributed (N≥10), and parametric tests (unpaired student t test or ANOVA for normally 

distributed data) or non-parametric tests (unpaired Mann-Whitney test or Kruskal-Wallis test 

for not normally distributed data) were used accordingly. Since the normality cannot be 

assessed on the data with small sample size (N<10), we performed non-parametric tests 

across our data with small sample size (N<10). For comparison between 2 groups, non-

parametric unpaired Mann-Whitney test was performed. For comparisons among ≥3 groups, 

non-parametric Kruskal-Wallis test was performed with Conover-Iman method for post hoc 

pairwise comparisons and Benjamini-Hochberg method for type I error correction. For the 

counts of proline-rich genes, chi-square (ϰ2) test was performed. Two-sided P values <0.05 

were considered to indicate statistical significance. Overall P values for comparisons among 

≥3 groups were provided in Online Table XII. Specific statistical methods and post hoc tests 

were described in the figure legends.
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RESULTS

EPRS is upregulated in human and mouse heart failure

To screen for candidate translation factors involved in cardiac fibrosis, we re-analyzed RNA-

Seq data of TGF-β (a typical pro-fibrotic cytokine29) treated human CFs from CVD 

patients4. We determined that cytoplasmic ARSs are the only significantly induced 

translation machinery components (Online Figure IA) among ribosome proteins and all 

translation factors (Online Figure IB, Online Table I)4. Among 20 ARSs, we identified 

EPRS as the key ARS involved in cardiac pathogenesis following screening of ARSs 

induced in TGF-β-activated human CFs4, human ARSs with genetic mutations in congenital 

heart disease30, mouse ARSs associated with isoproterenol (ISO)-induced cardiomyopathy 

by genome-wide association studies (GWAS)31, and ISO-induced ARSs in mouse failing 

hearts32 (Figure 1A). Multiple ARS proteins are induced in skeletal muscle of humans 

during exercise training, which is considered to be a mechanism to support protein synthesis 

and muscle growth33. EPRS is not among this group of ARSs required for physiologic 

muscle hypertrophy (Figure 1A, dotted circle). To validate this observation, we measured 

EPRS expression in our cohort of human and mouse heart samples. Our results showed that 

EPRS was induced at both mRNA and protein levels in failing hearts from heart failure 

patients compared to non-failure donor hearts (Figure 1B–D). Also, EPRS was induced at 

both mRNA and protein levels in the hearts of mice that underwent ISO infusion compared 

to those with vehicle treatment (Figure 1E and 1F). Consistently, EPRS was also induced at 

both mRNA and protein levels in the hearts of mice under TAC surgery compared to those 

with sham operations (Figure 1G and 1H). Taken together, these data indicate that EPRS 

may play a critical role in cardiac pathogenesis.

Single allele knockout of Eprs attenuates cardiac fibrosis under pathogenic stresses

To determine the role of EPRS during cardiac pathogenesis, we generated Eprs global KO 

mouse using CRISPR technology. The global Eprs KO mice were created by introducing 

two tandem premature stop codons plus a frame-shifting adenosine nucleotide in the third 

exon of the Eprs gene with protospacer adjacent motif (PAM) mutations (Online Figure 

IIA). TA-clone and DNA sequencing confirmed the successful insertion of premature stop 

codons into the Eprs genomic sequence (Online Figure IIB and IIC). Homozygous global 

Eprs KO mice are embryonic lethal. The heterozygous (het) appeared normal in weight 

(WT: 26.58±0.44g, n=8; Eprs+/–: 27.27±0.45g, n=6, male mice at the age of 3–4 months) 

and fertility (not shown). EPRS expression was reduced by almost half in the heart of Eprs
+/– mice, based on quantitative measurements of EPRS expression using RT-qPCR and 

Western blot for heart tissue lysates (Online Figure IID) and immunostaining in the heart 

tissue sections (Online Figure IIE and IIF). These indicate that Eprs is an essential gene, and 

loss of one allele does not cause developmental defects in mice at baseline.

Given the induction of EPRS expression in human and mouse failing hearts, we next sought 

to determine the effects of reduced EPRS on the heart during cardiac remodeling in vivo. We 

first used a β-adrenergic receptor agonist ISO to treat mice via osmotic minipump 

implantation (20 mg/Kg/day) for four weeks. The hearts of WT and Eprs+/– mice were 

comparable in size at baseline, as indicated by heart weight/tibia length (HW/TL) ratio 
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(Figure 2A) and wheat germ agglutinin (WGA) staining (Figure 2B). However, Eprs+/– mice 

exhibited a reduced cardiac hypertrophy phenotype compared to WT mice after ISO 

treatment (7.27±0.31 (Mean±SEM) in Eprs+/+ to 6.17±0.18 in Eprs+/– of HW/TL ratio and 

474.8±7.59 μm2 in Eprs+/+ to 348.4±3.96 μm2 in Eprs+/– of left ventricle (LV) myocyte area) 

(Figure 2A and 2B). Picrosirius red staining showed that Eprs+/– mice had much less cardiac 

fibrosis (3.17±0.26% to 1.90±0.22%) after ISO treatment than WT mice (Figure 2C). 

Isolated adult CMs from WT and Eprs+/– mice responded to ISO and showed myocyte 

hypertrophy at similar levels (Online Figure IIG). These observations suggest that reduced 

myocyte hypertrophy in the ISO infusion mouse model is due to crosstalk between CFs and 

CMs as an indirect effect but not caused by reduced ability to translate proteins needed for 

the hypertrophic response in CMs.

We then used TAC surgery, a pressure overload-induced cardiac hypertrophy model, to 

confirm the role of EPRS in HF. We found that Eprs+/– mice exhibited reduced cardiac 

hypertrophy (9.61±0.57 in Eprs+/+ to 7.31±0.30 in Eprs+/– of HW/TL ratio and 809.1±12.44 

μm2 in Eprs+/+ to 555.2±9.12 μm2 in Eprs+/– of LV myocyte area) compared to WT mice 

after TAC surgery (Figure 2D and 2E). Cardiac fibrosis was reduced by ~40% (3.58±0.44% 

to 2.16±0.28%) in Eprs+/– mice compared to WT mice after TAC (Figure 2F). Moreover, 

echocardiography showed partially restored cardiac function in Eprs+/– mice compared to 

WT mice after TAC surgery (Figure 2G and 2H, Online Table II). To examine the anti-

fibrotic effects of EPRS reduction in a more physiologically relevant model, we performed 

left anterior coronary artery ligation surgery to induce myocardial infarction in Eprs+/– 

versus WT mice. We found that cardiac fibrosis was significantly reduced from the apex 

(29.16±0.84% to 16.49±2.09%) to the base (8.24±0.73% to 1.94±0.26%) areas of the heart 

in Eprs+/– mice compared to WT mice after MI (Online Figure III). In summary, Eprs+/– 

mice exhibited reduced cardiac hypertrophy, fibrosis, and improved cardiac function in HF 

models under various stress conditions.

Postn-Cre-driven single allele knockout of Eprs attenuates cardiac fibrosis

To test whether haploinsufficiency of EPRS in cardiac myofibroblasts reduces cardiac 

fibrosis, we obtained Eprs floxed mice from the International Mouse Phenotyping 

Consortium and bred with tamoxifen (TMX) inducible Postn-Cre mice (PostnMCM/+)21 to 

generate TMX-inducible Postn-Cre-driven single allele Eprs conditional knockout (cKO) 

mice (Online Figure IVA and IVB). We performed quantitative measurements of EPRS in 

cKO mice (Eprsflox/+; PostnMCM/+) and found that EPRS protein expression was reduced by 

~45% in α-SMA positive CF cells under TAC surgical conditions (Online Figure IVC). The 

control (Eprsflox/+) and Eprs cKO (Eprsflox/+; PostnMCM/+) mice were subject to TAC 

surgery and fed with TMX food for two months (Figure 3A). We observed a reduced 

HW/TL ratio in Eprs cKO mice compared to control mice after TAC surgery (Figure 3B). 

More importantly, the fibrotic area was significantly reduced by ~49% in Eprs cKO mice 

(3.79±0.73% in control to 1.93±0.24% in cKO) compared to control mice as indicated by 

picrosirius red staining (Figure 3C). WGA staining for CMs and immunostaining for the 

sarcomeric protein, MHC-α, suggested reduced cardiac hypertrophy in Eprs cKO mice 

(Figure 3D and 3E), further confirming that the reduced hypertrophy phenotype is due to 

indirect effects from cellular communications between CMs and CFs. To examine the 
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possible reversal effects of EPRS reduction after initiating cardiac fibrosis, we injected TMX 

in Eprs cKO mice 2 weeks post-TAC surgery followed by TMX food for the entire 

pathologic stimulus of TAC (Figure 3F). We found that Eprs genetic knockdown in Postn-

positive CFs did not reverse cardiac hypertrophy (Figure 3G) but moderately reduced the 

established fibrosis (6.32±1.02% to 2.17±0.53%) (Figure 3H) and partially restored cardiac 

function (Figure 3I, Online Table III).

Taken together, these data suggest that global haploinsufficiency or Postn-Cre-driven single 

allele KO of Eprs attenuates cardiac remodeling under pathogenic stresses, and that 

sufficient expression of EPRS is essential for pathologic cardiac remodeling.

Sufficient EPRS is required for efficient translation of Pro-rich collagen proteins

Pearson correlation analyses in human HF samples indicate that EPRS expression correlates 

with collagen expression (Pearson correlation coefficient r = 0.47, 0.62 for COL1A1 and 

COL3A1, respectively), but not ANF and BNP expression (Figure 4A and Online Figure 

VA). This observation suggests that EPRS may directly regulate the expression of collagens 

in CFs. In primary cultured adult mouse CFs, we found that pro-hypertrophic (ISO and Ang 

II), as well as pro-fibrotic agonists (TGF-β and IL-11), significantly increased Eprs 
expression by 1.3–2.7 fold (Online Figure VB). We confirmed that EPRS expression was 

increased by ISO at the mRNA and protein levels in mouse CFs due to increased 

transcription (Online Figure VB and VC). Expression of Pro-rich (PRR) collagen genes, 

including COL1A1 and COL3A1, was not markedly altered at the mRNA level (<1.5 folds) 

(Online Figure VD and VE). However, COL1A1 and COL3A1 protein levels were 

significantly induced by ISO (3–5 folds), suggesting preferential translational regulation of 

collagen genes by ISO (Online Figure VE). In contrast, ISO stimulus did not significantly 

alter the mRNA expression of Acta2 and Postn, while TGF-β remarkably increased their 

expression (Online Figure VD). Therefore, we first chose ISO treatment for examining the 

translational regulatory effects of EPRS in primary adult mouse CFs. The polysome 

profiling-RT-qPCR assay showed significantly increased association of Col1a1 and Col3a1 
mRNAs with heavy polysomes after ISO treatment and reduced polysome association 

following Halo exposure, suggesting that ISO-enhanced translation efficiency of collagen 

transcripts is reversed by Halo (Figure 4B and Online Figure VF upper panel). Furthermore, 

the haploinsufficiency of EPRS resulted in a similar translational reduction of collagen 

mRNAs in the isolated mouse CFs (Figure 4C and Online Figure VF lower panel). To 

provide evidence for EPRS function in promoting pro-fibrotic PRR protein synthesis, we 

overexpressed EPRS using lentivirus infection in primary mouse CFs as a gain-of-function 

model. We found that the protein expression of Pro-rich COL1A1 and COL3A1 was 

significantly induced when CFs were stimulated by TGF-β compared to the cells infected 

with control lentivirus (Figure 4D, 4E, and Online Figure VG). To examine whether EPRS 

inhibition reduces collagen synthesis in activated myofibroblasts, we treated primary mouse 

CFs with vehicle versus TGF-β for 24 hrs to activate CF-to-myofibroblast conversion and 

then treated the cells with Halo and measured collagen expression in myofibroblasts using 

immunofluorescence. We observed that collagen protein expression was significantly 

reduced by Halo treatment (Figure 4F). These results indicate that a sufficient amount of 
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EPRS and its activity are critical to maintenance of efficient translation of proline-rich 

collagens upon ISO stimulation in cardiac fibroblasts.

Global identification of novel Pro-rich proteins as preferential EPRS targets

As we have shown that collagens, as exemplary PRR genes, are translationally regulated by 

EPRS, we sought to determine whether EPRS regulates preferential mRNA targets as 

opposed to all the transcripts in fibroblasts. To address this question, we chose NIH/3T3 

mouse fibroblasts as a cell model system to perform high throughput screening based on 

high reproducibility and its ability to recapitulate gene regulatory events from primary CFs. 

We treated fibroblasts with vehicle or low-dose Halo (100 nM) and performed RNA-Seq 

(transcriptome profiling) and polysome profiling-Seq (translatome profiling). We identified 

novel PRR gene pathways which are preferentially regulated by EPRS via enhanced 

translation elongation at Pro-rich codons and antagonized by Halo (Figure 5A). We 

categorized differentially regulated genes into four groups (Area 1–4) based on their change 

at the steady-state RNA level and the ratio between a heavy (or light) polysome fraction and 

a non-polysome fraction (translation efficiency, TE) (Figure 5B and Online Figure VIA, 

Online Table IV and V).

Considering the active translation state in both light and heavy polysome fractions, we 

redefined the four groups by overlapping genes from heavy and light polysome-associated 

transcripts (Figure 5C). In the overlapped region of the Venn diagram, 1371 genes were 

downregulated at translation and steady-state mRNA levels (Area 1), and 775 genes were 

upregulated at both levels (Area 3). This finding supports the hypothesis that only a small 

cluster of genes were preferential translational targets of EPRS. Furthermore, most of the 

significantly changed genes were located in Area 1 and 3 (Figure 5D and Online Figure 

VIB). This observation indicates a coordinated regulatory effect between steady-state mRNA 

level and translation efficiency under EPRS inhibitory conditions. Kyoto Encyclopedia of 

Genes and Genomes (KEGG) analysis of the genes in Area 1 (reduced at RNA and TE 

levels) using DAVID software34 revealed multiple pro-fibrotic pathways, including ECM-

receptor interaction (11 collagen genes such as Col1a1/1a2/3a1/4a6/5a1/6a1, four integrin 

genes Itga7/a8/b3/b4, etc.) (Online Figure VIC) and proteoglycans (Fgfr1, Pdgfra/rb, 

Tgfb2/b3, Tgfbr1/r2, Thbs1/3, etc.) (Figure 5E and Online Table VI). In contrast, the genes 

in Area 3 (induced at RNA and TE levels) are enriched in general translation factors, 

including ribosome biogenesis, ribosome (17 cytosolic and 6 mitochondrial ribosome 

proteins), aminoacyl-tRNA biosynthesis (16 ARSs including Eprs) (Online Figure VID), and 

amino acid biosynthesis (Figure 5E), which suggests activation of a compensatory amino 

acid starvation response upon EPRS inhibition12, 15.

Previous studies demonstrated that the formation of a peptide bond inside iterated proline or 

proline with other amino acids is much slower than that of the non-proline-bearing peptide 

bond, and thus Pro-Pro (PP) motifs function as ribosome pausing sites during translation 

elongation35, 36. This is an evolutionarily conserved mechanism from bacteria to humans 

and is also unique to the Pro codon among all genetic codons 37, 38. Therefore, we 

hypothesize that the translation of genes bearing more PP motifs is more sensitive to mild 

EPRS inhibition than that of non-PP-bearing genes. Consistent with this hypothesis, the 

Wu et al. Page 9

Circ Res. Author manuscript; available in PMC 2021 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Area 1 gene cluster contains a larger number of PP motif-bearing genes compared to Area 3 

(Figure 5F, Online Table VII). The proportion of genes bearing more than four PP motifs in 

Area 1 is much higher than that in Area 3 (Figure 5G, Online Table VII). The overall 

frequency of PP motifs in Area 1 is also significantly higher than that in Area 3, as indicated 

by the number of PP motifs per 10,000 amino acids or per transcript (Figure 5H, Online 

Table VII). Major cardiac fibrosis marker genes in the Area 1 gene cluster, such as Col3a1 
and Col1a1 (and other collagen genes), contain highly enriched Pro and Gly genetic codons 

due to abundant Pro-Pro-Gly (PPG) motifs (Supplemental sequence information) compared 

to overall codon composition in the mouse genome (Online Figure VIIA and VIIB). 

Polysome profiling followed by RT-qPCR confirmed that collagen transcripts were reduced 

in light polysome (fraction 5) and heavy polysome fractions (fraction 6 and 7), suggesting 

inhibition of EPRS by Halo causes ribosome stalling at PRR codons and decreased 

translation elongation of collagen mRNAs (Online Figure VIIC and VIID). In addition, gene 

regulation changed in the opposite direction at the mRNA and TE levels in Area 2 and 4 in 

which a small number of genes are located (Online Figure VIIE and VIIF, Online Table V). 

Taken together, these results suggest that PP motif-bearing genes are preferential targets of 

EPRS, and mild inhibition of EPRS by Halo leads to inefficient translation of these Pro 

codon rich genes.

SULF1 and LTBP2 are novel EPRS downstream effectors

To screen for specific novel downstream effectors of EPRS as potential target genes for anti-

fibrotic drug treatment, we performed high throughput bioinformatic screening by 

integrating genomic, transcriptomic, translatomic, and proteomic analyses (Figure 6A). We 

first performed in silico bioinformatic analyses to uncover conserved PRR genes that bear 

PP genetic codon motifs across the reviewed human and mouse proteins from Uniprot 

proteomic sequences39 at the genome-wide scale (Online Table VIII), including PPG-rich 

ECM genes such as collagens among many Pro-rich proteins. Next, we overlapped PP motif 

bearing genes (Online Table VIII) with downregulated genes in our transcriptomic and 

translatomic analyses (Figure 5B) and proteins that were reduced at the steady-state level in 

human CFs upon low-dose Halo treatment in the published quantitative proteomic data15 

(Online Figure VIIIA, Online Table IX). As expected, eight collagen genes (i.e., 

COL1A1/1A2/3A1/5A1/6A1/6A2/6A3/12A1) were translationally reduced in mouse 

fibroblasts, and their steady-state protein level was also decreased in human CFs after Halo 

treatment. Another six collagen genes (COL4A6/5A3/11A1/16A1/27A1/28A1) were 

reduced at the translation efficiency level in mouse fibroblasts, and five collagen genes 

(COL4A1/5A2/7A1/14A1/18A1) were reduced at the protein level in human CFs. 

Intriguingly, two recent new cardiac fibrosis marker genes cytoskeleton associated protein 4 

(CKAP4)40 and interleukin 11 (IL-11)4 were found as PRR genes (Supplemental sequence 

information) downregulated in our polysome-Seq analysis (Online Table IV and VIII). We 

also observed that GTPBP2 (a ribosome rescue factor for dissembling stalled ribosomes)41 

(Online Figure VIIIA) and EIF5A (an elongation factor)35, 36 are both induced by Halo 

treatment (Online Table V). The induction of GTPBP2 indicates enhanced recycling of 

stalled ribosomes during Halo exposure. EIF5A is required for ribosome readthrough of 

consecutive Pro codons in PRR genes, and thus its increase serves as another compensatory 

response upon Halo-driven inhibition of Pro codon decoding35, 36. These results suggest a 
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previously unappreciated cellular adaptive response to promote the recycling of stalled 

ribosomes caused by EPRS inhibition and facilitates the readthrough of PP motifs. In 

contrast, most housekeeping genes are not decreased at translational efficiency or steady-

state protein levels, including all histone genes, a majority of DNA polymerase complex 

genes, RNA polymerase complex genes, 38 ARSs, all heterogeneous nuclear 

ribonucleoproteins, GAPDH, vimentin, β-actin among many others (Online Table IV). 

These observations further support the idea of EPRS-mediated selective regulation of PRR 

mRNA translation.

By overlapping the three datasets, a group of 83 PP motif-containing genes was shown to be 

downregulated at translational and steady-state protein levels (Figure 6A, Online Table IX). 

Gene Ontology (GO) analyses revealed the top five pathways, including collagen fibril 

organization (COL1A1, COL1A2, COL3A1, COL5A1, ADAMTS2, LUM), cell adhesion 

(SULF1, TGFBI, VCAN, THBS1, THBS2, LAMA4, IGFBP7, LSLR), and extracellular 

fibril organization (COL3A1, COL5A1, LTBP2) among others, many of which are involved 

in cardiac pathologic remodeling (Figure 6B and Online Table X). Steady-state mRNA 

expression, translation efficiency, and steady-state protein expression are reduced for the 

major EPRS preferential target genes from the top five GO pathways (Figure 6C). Among 

these EPRS targets, LTBP2 (latent TGF-β-binding protein 2) has recently been discovered as 

an ISO-induced fibrosis marker protein42 and shown in our screen as downregulated at 

steady-state mRNA and polysome associated mRNA levels in Halo-treated mouse 

fibroblasts (Online Figure VIIIB). Mouse LTBP2 protein bears 17 PRR motifs (human 

LTBP2 has 20 PRR motifs) such as PPP and PPG (Supplemental sequence information). The 

polysome-associated Ltbp2 mRNA was significantly reduced by Halo treatment and Eprs 
haploinsufficiency in primary mouse CFs (Online Figure VIIIC–E).

We have a particular interest in SULF1, which is an endosulfatase that selectively removes 

6-O-sulfate from heparin sulfate proteoglycans (HSPGs) and regulates signaling 

transduction of multiple growth factors43, 44; it could be considered as a pharmacologic 

target for anti-fibrosis drug screening based on its enzymatic activity. SULF1 contains PRR 

codons such as the PPG motif in both human and mouse (plus PPD and PPT motifs in the 

human gene and PPR motif in the mouse gene). Multi-omics data suggest that SULF1 was 

downregulated at mRNA, translation, and steady-state protein levels by Halo (Figure 6C). 

We confirmed that SULF1 mRNA and protein expression were downregulated by Halo in 

mouse CFs by RT-qPCR and IF (Figure 6D and 6E). Polysome profiling-RT-qPCR was 

performed to confirm downregulation of SULF1 at the translational level. Halo treatment 

reduced the polysome association of Sulf1 mRNA (Figure 6F) and attenuated ISO-induced 

Sulf1 mRNA translation (Figure 6G). Moreover, the translation efficiency of Sulf1 mRNA 

was dramatically reduced in isolated primary adult mouse CFs from Eprs+/– mice compared 

to WT mice under ISO treatment (Figure 6H). In summary, we validated LTBP2 and SULF1 

as novel authentic EPRS-regulated, Halo-responsive Pro codon rich genes.

SULF1 is a myofibroblast marker and required for cardiac fibroblast activation

As we have shown that SULF1 is a preferential downstream target of EPRS, we sought to 

examine the expression of SULF1 during cardiac fibrosis and heart failure. Sulf1 mRNA 
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was dominantly expressed in primary mouse CFs rather than CMs (Online Figure IXA). By 

screening a high throughput microarray-based gene expression database45 of human heart 

failure, we discovered that SULF1 mRNA expression was significantly induced in dilated 

cardiomyopathy (DCM) and ischemic heart failure (IHF) patients compared to non-failing 

donor hearts (Online Figure IXB). We confirmed this phenomenon using our validation 

cohort of human HF samples (Figure 7A). In our human heart samples, SULF1 expression is 

positively correlated with the expression of COL1A1 (Pearson correlation coefficient r = 

0.60) and COL3A1 (Pearson correlation coefficient r = 0.67) (Online Figure IXC and IXD), 

indicating a potential functional correlation of SULF1 with CF activation. Indeed, SULF1 is 

highly expressed in α-SMA positive myofibroblasts in failing human hearts (Online Figure 

IXE–G) and in the heart of the TAC-induced mouse HF model (Online Figure IXH and IXI). 

These data indicate SULF1 as a myofibroblast marker gene during cardiac pathologic 

remodeling and heart failure.

Given the dominant expression of SULF1 in CFs and the positive correlation between 

SULF1 and collagens, we next examined the effects of knockdown of SULF1 on 

myofibroblast activation. We transfected mouse CFs with two SULF1-specific siRNAs, and 

both siRNAs significantly reduced Sulf1 mRNA expression. TGF-β induced the expression 

of the myofibroblast activation marker gene while knockdown of Sulf1 dampened marker 

gene expression (Figure 7B). Immunofluorescence imaging results indicate that reduction of 

Sulf1 remarkably inhibited TGF-β induced CF activation and collagen deposition (Figure 

7C, Online Figure XA and XB). We overexpressed SULF1 in primary mouse CFs under 

vehicle and TGF-β treatment and measured expression of the myofibroblast activation 

marker proteins. We found that SULF1 overexpression induced α-SMA and collagen 

expression at the protein levels (Figure 7D, 7E, Online Figure XC and XD). In our human 

heart samples, SULF1 expression is positively correlated (Pearson correlation coefficient r = 

0.58) with the expression of EPRS (Figure 8A), providing a piece of evidence that SULF1 

acts as a downstream effector of EPRS. We overexpressed SULF1 in primary mouse CFs 

followed by treatment with Halo and found that SULF1 partially rescued expression of α-

SMA and collagens (Figure 8B–D), suggesting that combined influence of SULF1 and other 

EPRS downstream effector genes contribute to cardiac fibroblast-to-myofibroblast 

activation. Taken together, our results suggest SULF1 is required for cardiac fibroblast 

activation and can be used as a myofibroblast marker during cardiac fibrosis and heart 

failure.

DISCUSSION

In these studies, we investigated translational control mechanisms of pro-fibrotic gene 

expression in cardiac fibrosis (Figure 8E). We found that alteration in EPRS expression in 

CFs is a conserved aspect of pathologic cardiac remodeling in human HF patients as well as 

in HF mouse models. Using both global and Postn-Cre-driven single allele Eprs conditional 

knockout mouse models, we demonstrated that reducing EPRS antagonizes pathologic 

cardiac fibrosis in vivo. Mechanistically, we identified a subset of novel preferential 

translational target genes of EPRS and discovered that EPRS regulates translation of PRR 

transcripts, which construct most ECM and secretory signaling molecules. Among those 

targets, we identified several novel PRR genes that were not previously well studied in the 
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heart (e.g., LTBP2, SULF1). These genes may serve as novel anti-fibrotic targets for 

development of drug therapies to treat HF. This study demonstrates the in vivo function of 

EPRS in cardiac remodeling and provides a strong rationale for using translation factors 

(e.g., EPRS) or their downstream effectors (e.g., SULF1) as novel therapeutic targets to treat 

cardiac fibrosis.

We demonstrate that genetic knockout of one allele of the Eprs gene can effectively reduce 

cardiac remodeling and fibrosis (Figure 2). Postn-Cre-driven conditional knockout of Eprs 
further confirms that fibroblast-derived EPRS contributes significantly to cardiac fibrosis 

under cardiac stress conditions (Figure 3). These genetic manipulations mimic mild 

translational inhibition using the (E)PRS-specific inhibitor Halo in multiple heart failure 

disease mouse models15. This new therapeutic approach targeting an evolutionarily 

conserved, ubiquitous housekeeping translation factor can be used to treat cardiac fibrosis of 

multiple etiologies and is generalizable to antagonize fibrosis in various organs46. Recent 

studies have shown that EPRS directly forms a complex with TGF-β1 receptor, Janus 

kinases, and STAT6 and regulates ECM expression via activation of TGF-β1 signaling in 

lung and liver17, 18. This suggests that EPRS may synergistically regulate the expression of 

Pro-rich ECM at both transcriptional and translational levels during cardiac fibrosis.

Using the (E)PRS inhibitor Halo, we discovered that the EPRS-PRR axis acts as a novel 

translational control pathway to regulate pro-fibrotic Pro-rich mRNA translation and cardiac 

fibrosis (Figure 8E). Pro is unique among the 20 amino acids because it forms a cyclic 

structure between the α-amine group and the side chain. This specific structure dramatically 

slows ribosome decoding of two consecutive Pro codons37. This unique feature of Pro 

probably explains why Halo specifically inhibits PRR mRNA translation, while preserving 

global mRNA translation by inducing expression of housekeeping genes such as ARSs and 

ribosome proteins (Figure 5E). Myc, a positive transcriptional regulator of ribosome 

biogenesis47, is also upregulated by Halo (Figure 5B, Online Table V). This may partially 

explain the increased expression of ribosomal genes. In evolution, Pro-rich protein genes are 

largely introduced in the genome of multicellular organisms in comparison to single cellular 

species38. EF-P (Elongation factor P in prokaryotes)/eIF5A (Elongation factor 5 in 

eukaryotes) protein is introduced to facilitate efficient peptide bond formation for Pro 

dipeptidyl motifs35, 36, 38; its upregulation by Halo treatment represents an adaptive response 

to facilitate ribosome readthrough of PP motifs. The majority of Pro-rich proteins are 

transmembrane or secretory proteins since the Pro-rich peptides usually play important roles 

in penetrating the plasma membrane for transmembrane localization or secretion48, 49. Many 

of these proteins are either ECM or ligands/receptors for cellular signaling, which promote 

cardiac fibrosis. siRNA-mediated knockdown of cysteinyl-tRNA synthetase (CysRS) by 

~50% in mouse fibroblast cells did not reduce collagen protein expression (Online Figure 

XIA). Compared to Halo, Leucinol (leucyl-tRNA synthetase inhibitor) did not inhibit 

collagen protein expression at a range of low to high doses (Online Figure XIB). These data 

further support the specific action of (E)PRS inhibition in reducing collagen expression and 

fibrogenesis. In another aspect, Postn (containing no PRR motif) was significantly 

downregulated at the polysome-associated mRNA level (Online Table V). We also measured 

POSTN protein expression by IB and IF in TGF-β-activated WT and Eprs+/– CFs treated 

with vehicle or Halo. We found that POSTN protein expression was slightly reduced in Eprs
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+/– CFs and dramatically inhibited by Halo treatment (Online Figure XIIA–C). These results 

suggest that POSTN protein expression may be affected by Halo through downregulation of 

one or more putative Pro-rich regulatory proteins indirectly. We cannot exclude the 

possibility of some Pro-rich proteins acting as cardioprotective factors, and thus beneficial 

effects from EPRS inhibition may be from the combined net outcome. In addition to EPRS 

canonical aminoacylation function, previous studies have shown that EPRS exerts a 

noncanonical effect in translational silencing of inflammation-related mRNAs such as 

VEGFA in monocyte/Mφ as an innate immune response8, 50–53. It remains unknown as to 

whether EPRS from immune cells plays a role in regulating the inflammatory response via 

either the canonical or noncanonical mechanisms.

During the PRR gene screen, we identified 83 PRR genes in addition to collagens (Online 

Table IX and X), which are downregulated by Halo at the posttranscriptional level and may 

play critical roles in cardiac fibrosis. Induced EPRS can increase Pro-tRNAPro levels, a 

building block for the synthesis of Pro-rich proteins (i.e., collagens, LTBP2, etc.). We also 

observed that translationally reduced mRNAs by Halo tend to have reduced steady-state 

mRNA levels (Figure 5D and Online Figure VIB). Previous studies have shown that optimal 

genetic codon composition and translation capacity of mRNAs in human cells significantly 

influence baseline mRNA stability54, 55. We assume that translational repression of PRR 

mRNA is coupled with enhanced mRNA decay due to reduced translation elongation rates at 

PP motifs and diminished ribosome-mediated protection of the transcripts during EPRS 

inhibition. Based on our data, we conclude that cardiac stress-induced EPRS promotes 

cardiac fibrosis via increased Pro-tRNAPro and enhanced stabilization and translation of 

PRR pro-fibrotic mRNAs in cardiac fibroblasts.

Among EPRS target PRR genes, we discovered that SULF1 could serve as a biomarker for 

cardiac fibrosis. Genetic knockdown of SULF1 by siRNA inhibits myofibroblast activation 

stimulated by TGF-β. SULF1 and SULF2 are two redundant homolog enzymes of heparan 

sulfate 6-O-endosulfatases56. SULF1 catalyzes the removal of 6-O-sulfate from heparan 

sulfate chains and modulates the function of multiple growth factors44, 57, 58. Genetic 

knockout of Sulf1 in mouse genome did not cause any developmental, behavioral, 

histological, and aging-related phenotypes, but knockout of Sulf2 led to reduced body 

weight56, 57. A previous study reported that SULF1 was induced by TGF-β in both cultured 

human lung fibroblasts in vitro and murine lungs in vivo. Further, siRNA-mediated 

knockdown of SULF1 promotes α-SMA expression and TGF-β signaling59, which is 

inconsistent with our results here. This discrepancy may suggest that the function of SULF1 

in cardiac fibroblasts is different from that of lung fibroblasts. A recent report showed that 

SULF1 is predominately expressed in endothelial cells and cardiac fibroblasts in the murine 

heart, and that overexpressed SULF1 induces a pro-fibrotic gene expression signature in 

mouse embryonic fibroblasts60, which supports our findings to some extent. However, global 

knockout of SULF1 attenuates angiogenesis and cardiac repair after ischemic injury without 

affecting interstitial fibrosis in non-infarcted regions60. Notably, SULF2, most highly 

expressed in monocytes and macrophages, could be secreted by these myeloid cells and 

compensate for the loss of SULF1 function in vivo. In our study, we showed the necessity 

for fibroblast-derived SULF1 in myofibroblast activation in primary CF culture. Therefore, it 

is worthwhile to further elucidate the pathophysiologic function of endothelial cell and 
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cardiac fibroblast-derived SULF1 in cell type-specific KO mouse models in vivo. These 

studies will provide insight into whether cell type-specific loss of SULF1 is beneficial or 

detrimental during cardiac remodeling, especially in non-ischemic heart disease, in which 

there is less activation of the inflammation and immune response, and lower expression of 

SULF2. SULF1 has been reported to attenuate intracellular signaling downstream of 

multiple heparan sulfate-binding growth factors, including VEGFA, FGF2, HB-EGF, and 

HGF61. It remains a question of how the separate and combined sulfate modifications and 

downstream responses (e.g., binding affinity with cardiac fibroblast surface heparan sulfate 

and interactions with their cognate receptors) of these growth factors are changed upon 

knockdown or inhibition of SULF1. On the other hand, overexpression of SULF1 partially 

antagonizes the inhibitory effects from Halo treatment in CFs, indicating other downstream 

targets (e.g., collagens, LTBP2, etc.) of EPRS may contribute to the pro-fibrotic process. Our 

studies suggest that a better understanding of the mechanisms of translational control in 

cardiac fibrosis has broad implications for developing novel treatment strategies to combat 

CVD by either targeting a specific translation factor or its downstream effectors.
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Nonstandard Abbreviations and Acronyms

ARS aminoacyl-tRNA synthetase

CF cardiac fibroblast

CM cardiomyocyte

CVD cardiovascular disease

ECM extracellular matrix
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EPRS glutamyl-prolyl-tRNA synthetase

Halo halofuginone

HF heart failure

ISO isoproterenol

Pro-tRNAPro prolyl tRNAPro, proline ligated to tRNAPro

PRR proline-rich (XPPY codon motifs)

TAC transverse aortic constriction

TMX tamoxifen
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NOVELTY AND SIGNIFICANCE

What Is Known?

• TGF-β and IL-11 increase the synthesis of pro-fibrotic proteins during cardiac 

fibrosis.

• Many pro-fibrotic genes contain Pro genetic codon rich motifs such as 

collagens.

• Glutamyl-prolyl-tRNA synthetase (EPRS) is an essential housekeeping 

enzyme required for ligating Pro to tRNAPro for the synthesis of Pro-

containing proteins.

• Halofuginone is an (E)PRS-specific enzymatic inhibitor that is 

cardioprotective in multiple heart failure mouse models.

What New Information Does This Article Contribute?

• This study reveals translational control mechanisms of pro-fibrotic gene 

expression in cardiac fibrosis.

• EPRS mRNA and protein expression are induced in failing human hearts and 

mouse hearts undergoing pathologic cardiac remodeling.

• Demonstration of the in vivo function of EPRS in cardiac remodeling — Eprs
+/– mice and Postn-Cre-driven tamoxifen-inducible Eprs conditional knockout 

mice show reduced pathologic cardiac fibrosis under stress, suggesting that 

mildly reducing EPRS expression is cardioprotective.

• Identification of novel preferential translational target genes of EPRS — We 

observed that EPRS regulates translation of Pro-rich (PRR) transcripts, which 

comprises most extracellular matrix and secretory signaling molecules.

• We validated one of these targets, Sulfatase 1 (SULF1) as a myofibroblast 

marker protein in human and mouse heart failure and a potential target gene 

for anti-fibrosis treatment.

In cardiac fibroblasts, the synthesis of pro-fibrotic proteins is upregulated by cardiac 

stressors to activate extracellular matrix deposition and impair cardiac function. In this 

study, we discovered an EPRS-PRR gene axis that influences translational homeostasis of 

pro-fibrotic proteins and promotes pathologic cardiac remodeling and fibrosis. We 

identified EPRS as a common node downstream of multiple cardiac stressors and as a 

novel regulatory factor which facilitates pro-fibrotic mRNA translation in cardiac 

fibrosis. Global and Postn-Cre-driven genetic ablation of EPRS can effectively reduce 

cardiac fibrosis. This study reveals a novel translational control mechanism that 

modulates cardiac fibrosis and heart function. Mild inhibition of PRR mRNA translation 

may represent a general therapeutic strategy for the treatment of heart disease. These 

findings provide novel insights into translational control mechanisms of cardiac fibrosis 

and will promote the development of novel therapeutics using inhibition of pro-fibrotic 

translation factors or their downstream effectors.
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Figure 1. EPRS is upregulated in human and mouse heart failure.
(A) Glutamyl-prolyl-tRNA synthetase (EPRS) is a common hit of upregulated ARSs and 

ARSs with a genetic association in human and mouse heart disease, but not induced in 

human physiologic muscle hypertrophy.

(B) EPRS mRNA is increased in failing human hearts (n=17) compared to non-failing donor 

hearts (n=6). 18S rRNA is used as a loading control.

(C) EPRS protein is increased in failing human hearts compared to non-failing donor hearts. 

Representative Western blot results are shown.
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(D) Quantification of Western blot results from all human heart samples indicates elevated 

expression of EPRS in failing human hearts (n=17) compared to non-failing donor hearts 

(n=8). GAPDH is used as a loading control for quantification.

(E-F) EPRS mRNA and protein expression are increased in the hearts from a 4-week ISO 

infusion induced mouse HF model compared to vehicle infused hearts while Iars (Isoleucyl-

tRNA synthetase) mRNA remains unchanged. 18S rRNA and GAPDH are used as loading 

controls for mRNA and protein quantification, respectively.

(G-H) EPRS mRNA and protein expression are increased in the hearts from an 8-week TAC 

surgery-induced mouse HF model. Gars (glycyl-tRNA synthetase) is a negative control ARS 

in the TAC model. 18S rRNA and GAPDH are used as loading controls for mRNA and 

protein quantification, respectively.

Comparisons were performed by non-parametric unpaired Mann-Whitney test for B, D, E, 

G.
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Figure 2. Eprs haploinsufficiency attenuates cardiac hypertrophy and fibrosis in ISO infusion 
and TAC models.
(A) Eprs+/– mice show a reduced HW/TL (heart weight/tibia length) ratio in a 4-week ISO 

infusion mouse HF model compared to WT (Eprs+/+) mice. n=8/ 7/ 9/ 8 for Eprs+/+ Veh/ 

Eprs+/+ ISO/ Eprs+/– Veh/ Eprs+/– ISO, respectively.

(B) WGA staining of Eprs+/+ and Eprs+/– mice with ISO treatment. Cross-sectional area 

(CSA) of CMs was measured and quantified. n=4 hearts per group with 200–300 CMs 

measured per heart. Scale bar: 50 μm.
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(C) Picrosirius red staining indicates decreased fibrotic area in the hearts from Eprs+/– mice 

after ISO infusion. Scale bar: 2 mm. n=8/ 7/ 9/ 8 for Eprs+/+ Veh/ Eprs+/+ ISO/ Eprs+/– Veh/ 

Eprs+/– ISO, respectively.

(D) Single allele knockout of Eprs reduces HW/TL ratios in a TAC surgery-induced mouse 

HF model. n=7/ 6/ 11/ 7 for Eprs+/+ Sham/ Eprs+/+ TAC/ Eprs+/– Sham/ Eprs+/– TAC, 

respectively.

(E) WGA staining in Eprs+/+ and Eprs+/– mice with TAC surgery. n=4 hearts per group with 

200–300 CMs measured per heart. Scale bar: 50 μm.

(F) Single allele knockout of Eprs reduces cardiac fibrosis in TAC surgery model. n=7/ 6/ 8/ 

6 for quantification of picrosirius red staining for Eprs+/+ Sham/ Eprs+/+ TAC/ Eprs+/– Sham/ 

Eprs+/– TAC, respectively. Scale bar: 2 mm.

(G) Representative echocardiographic images suggest improved cardiac function in Eprs+/– 

mice compared to WT mice after TAC surgery.

(H) Fractional shortening (FS) and ejection fraction (EF) are partially recovered in Eprs+/– 

mice in TAC surgery-induced mouse HF model. n=14/ 6/ 11/ 7 for Eprs+/+ Sham/ Eprs+/+ 

TAC/ Eprs+/– Sham/ Eprs+/– TAC, respectively.

Comparisons were performed by non-parametric Kruskal-Wallis test with Conover-Iman 

method for post hoc pairwise comparisons and Benjamini-Hochberg correction for A-F, H.
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Figure 3. Eprs Postn-Cre-driven conditional knockout reduces cardiac hypertrophy and fibrosis 
in the TAC surgery model.
(A) Schematic of the experimental procedure for TAC surgery in tamoxifen (TMX)-induced 

Postn-Cre-driven Eprs conditional knockout (cKO, tm1d) and Eprsflox/+ mice (Control, 

tm1c) using a preventive model.

(B) HW/TL ratios suggest attenuated hypertrophy in Eprs cKO mice (n=7) after TAC 

surgery compared to Control mice (n=6).
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(C) Picrosirius red staining indicates reduced cardiac fibrosis in Eprs cKO mice (n=7) 

compared to Control mice (n=6) after TAC surgery. Scale bar: 2 mm.

(D) WGA staining of heart tissue sections in Control and Eprs cKO mice with TAC surgery. 

n=4 hearts in Control group and n=5 in cKO group with >1000 CMs measured per heart. 

Scale bar: 50 μm.

(E) MHC-α protein expression in heart tissues of Control and Eprs cKO mice with TAC 

surgery. n=3 hearts per group with >400 CMs measured per heart. Scale bar: 50 μm.

(F) Schematic of the experimental procedure for TAC surgery in Eprs cKO and control mice 

using a reversal model.

(G) HW/TL ratios in Eprs cKO and Control mice after TAC surgery. n=3/ 5/ 4/ 6 for Control 

Sham/ Control TAC/ cKO Sham/ cKO TAC, respectively.

(H) Picrosirius red staining indicates reduced cardiac fibrosis in Eprs cKO mice compared to 

control mice after TAC surgery. n=3/ 5/ 4/ 6 for Control Sham/ Control TAC/ cKO Sham/ 

cKO TAC, respectively. Scale bar: 2 mm.

(I) Fractional shortening (FS) and ejection fraction (EF) are partially recovered in Eprs+/– 

mice in a TAC surgery-induced mouse HF model. n=3/ 5/ 4/ 6 for Control Sham/ Control 

TAC/ cKO Sham/ cKO TAC, respectively.

Comparisons were performed by non-parametric unpaired Mann-Whitney test for B-E, and 

non-parametric Kruskal-Wallis test with Conover-Iman method for post hoc pairwise 

comparisons and Benjamini-Hochberg correction for G, H, I.
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Figure 4. EPRS is required for efficient Pro-rich collagen translation in cardiac fibroblasts.
(A) EPRS expression is correlated with the expression of collagens in human heart samples 

(n=23). Pearson correlation coefficient was presented.

(B) Polysome-RT-qPCR assay indicates that EPRS inhibition by Halo reverses ISO-induced 

polysome association with COL1A1 mRNA in primary mouse CFs. * P=0.0013, ** 

P=3.0×10−8, † P=0.0013, Veh. vs. ISO; # P=7.2×10−6, ## P=9.2×10−5, ‡ P=1.4×10−4, ISO 

vs. ISO, Halo by non-parametric Kruskal-Wallis test with Conover-Iman method for post 

hoc pairwise comparisons and Benjamini-Hochberg correction.
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(C) Polysome-associated COL1A1 mRNA is reduced in primary Eprs+/– CFs compared to 

WT (Eprs+/+) CFs after ISO treatment. * P=7.7×10−4, ** P=6.3×10−6, † P=0.021, Eprs+/+ 

Veh. vs. Eprs+/+ ISO; # P=0.0083, ## P=0.0047, ‡ P=0.0019, Eprs+/+ ISO vs. Eprs+/– ISO by 

non-parametric Kruskal-Wallis test with Conover-Iman method for post hoc pairwise 

comparisons and Benjamini-Hochberg correction.

(D) EPRS overexpression induces Pro-rich collagen protein expression but not non-Pro-rich 

α-SMA protein. Lentiviral EPRS and control lentivirus were used to infect primary mouse 

CFs with or without TGF-β (10 ng/ml) treatment. Left panel: representative images of 

immunoblot. Right panel: quantitative analysis of IB images from n=3–4 replicated 

experiments.

(E) EPRS overexpression induces COL1A1 protein expression in primary mouse CFs 

indicated by IF. Scale bar: 100 μM. n>120 cells for COL1A1 and n>150 cells for EPRS 

protein expression from 3 biologically replicated experiments.

(F) Halo inhibits COL1A1 protein expression in TGF-β-activated myofibroblasts. 10 ng/ml 

TGF-β was used to treat primary mouse CFs. Halo: 100 nM. Scale bar: 100 μm. n>200 cells 

from 3 biologically replicated experiments.

Comparisons were performed by non-parametric Kruskal-Wallis test with Conover-Iman 

method for post hoc pairwise comparisons and Benjamini-Hochberg correction for D-F.
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Figure 5. Pro-rich genes are preferential translational targets of EPRS.
(A) Schematic for RNA-Seq and polysome profiling-Seq (polysome-Seq) procedure in Halo 

treated NIH/3T3 mouse fibroblasts. Polysome-free fractions include free mRNP, 40S 

ribosome subunit, 60S ribosome subunit. Light polysome fractions include 80S monosome, 

disome, trisome, and tetrasome. Heavy polysome fractions include polysome fractions with 

≥5 ribosomes.

(B) Differentially expressed genes identified by RNA-Seq and polysome-Seq are indicated 

by dot plot. Translation efficiency (TE) is indicated by the ratio of heavy polysome and 

polysome-free fraction. The colored dots indicate statistically significantly changed genes 

identified by either RNA-Seq or polysome-Seq. The genes with Padj<0.05 in either of three 
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different groups (ratio of Halo vs. Veh. treated samples for total RNA, non-polysome, and 

heavy polysome) were considered as significantly changed genes. All significantly changed 

genes were divided into four areas based on log2FC of total mRNAs and heavy polysome 

mRNAs. Data were submitted to GEO database (GSE136838).

(C) Translationally dysregulated genes are indicated by overlapping changed genes in the 

same area of heavy polysome (B) and light polysome (Online Figure VIA). Genes decreased 

(Area 1) or increased (Area 3) at translation and steady-state mRNA levels are shown.

(D) A majority of genes show a synergistic change at the mRNA and translational levels 

after EPRS inhibition by Halo. The number of genes is shown with changes at both 

translation efficiency (the ratio of heavy/light polysome to polysome-free fraction) and 

steady-state mRNA levels in all four areas.

(E) KEGG signaling pathway analyses indicate that ECM-receptor interaction and ribosome 

biogenesis are the top enriched pathways in Area 1 and Area 3, respectively. DAVID 

Bioinformatics Resources 6.8 was used.

(F) PP motif analyses suggest that there are more PP motif-bearing genes in the 

translationally decreased gene cluster (Area 1) compared to the translationally increased 

gene cluster (Area 3).

(G) Distribution of genes according to the number of PP motifs (0, 1, 2, 3, ≥4) indicate that 

the genes in Area 1 contain more PP motifs compared to genes in Area 3.

(H) Frequency of PP motif normalized by protein length or gene number is significantly 

higher in Area 1 compared to Area 3.

Comparisons were performed by Chi-Square test for gene number counts for F, G and non-

parametric unpaired Mann-Whitney test for quantification of PP motif frequency for H.
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Figure 6. SULF1 is a novel EPRS downstream target.
(A) Integrated genomic, transcriptomic, translatomic, and proteomic15 analyses identify 83 

PP motif-containing genes as preferential downstream targets of EPRS.

(B) Gene Ontology (GO) analyses performed for 83 Halo-downregulated PRR genes from 

(A). Top five enriched pathways from the GO analysis (Biological Process) are shown. The 

number on the right of bars indicates the number of genes in each GO term. DAVID 

Bioinformatics Resources 6.8 was used.

(C) The log2FC change of mRNA, translation, and steady-state protein levels of all the 

genes from (B) are shown by heatmap. Steady-state protein level changes were obtained 

from a published database15.

Wu et al. Page 31

Circ Res. Author manuscript; available in PMC 2021 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D-E) Sulf1 mRNA (D) and protein (E) expression is reduced by Halo-mediated EPRS 

inhibition in primary mouse CFs. 18S rRNA is used as a loading control. Scale bar: 50 μM. 

Comparisons were performed by non-parametric unpaired Mann-Whitney test for D, E.

(F) Polysome-associated Sulf1 mRNA is reduced in Halo treated primary mouse CFs. * 

P=2.6×10−4, ** P=3.1×10−6, # P=4.9×10−7, Halo vs. Veh. by non-parametric Kruskal-Wallis 

test with Conover-Iman method for post hoc pairwise comparisons and Benjamini-Hochberg 

correction.

(G) EPRS inhibition reverses ISO-induced polysome association of Sulf1 mRNA in primary 

mouse CFs. * P=4.6×10−4, ** P=4.7×10−5, † P=7.9×10−4 Veh. vs. ISO; # P=6.0×10−8, ## 

P=1.3×10−8, ns: P=0.42 ISO vs. ISO, Halo by non-parametric Kruskal-Wallis test with 

Conover-Iman method for post hoc pairwise comparisons and Benjamini-Hochberg 

correction.

(H) Polysome-associated Sulf1 mRNA is reduced in primary Eprs+/– CFs compared to WT 

(Eprs+/+) CFs after ISO treatment. † P=2.2×10−9, * P=6.6×10−4, ** P=9.8×10−5 Eprs+/+ 

Veh. vs. Eprs+/+ ISO; ‡ P=3.4×10−5, # P=4.4×10−4, ## P=1.9×10−7, Eprs+/+ ISO vs. Eprs+/– 

ISO by non-parametric Kruskal-Wallis test with Conover-Iman method for post hoc pairwise 

comparisons and Benjamini-Hochberg correction.
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Figure 7. SULF1 is required for cardiac fibroblast activation and collagen deposition.
(A) RT-qPCR confirms increased SULF1 expression in the hearts of DCM (n=9) and IHF 

(n=8) patients compared to non-failing donor heart tissues (n=6) in a validation cohort of 

human samples. 18S rRNA is used as a loading control for mRNA measurement.

(B) Knockdown of SULF1 by siRNA attenuates TGF-β-induced cardiac fibroblast activation 

as indicated by reduced expression of fibroblast activation marker genes in primary mouse 

CFs. 18S rRNA is used as a loading control.
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(C) Knockdown of SULF1 reduces COL1A1 and α-SMA protein expression in TGF-β-

treated primary mouse CFs indicated by quantification of normalized immunofluorescence 

(IF) intensity. n>120 cells from three biological replicates were analyzed.

(D) SULF1 overexpression induces myofibroblast marker protein expression. Sulf1-

overexpressing and control lentiviruses were used to infect primary mouse CFs with or 

without TGF-β (10 ng/ml) treatment. Left panel: representative images of immunoblot. 

Right panel: quantitative analysis of IB images from n=4 replicated experiments.

(E) SULF1 overexpression induces COL1A1 and α-SMA protein expression in primary 

mouse CFs indicated by quantification of normalized immunofluorescence (IF) intensity. 

n>200 cells for COL1A1 and n>230 cells for α-SMA quantification from 3 biologically 

replicated experiments. Quantification of SULF1, COL1A1, and α-SMA protein expression 

is shown based on IF staining in Online Figure XC and XD.

Comparisons were performed by non-parametric Kruskal-Wallis test with Conover-Iman 

method for post hoc pairwise comparisons and Benjamini-Hochberg correction for A-E.
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Figure 8. SULF1 overexpression partially antagonizes the anti-fibrotic effect of Halo-driven 
EPRS inhibition.
(A) SULF1 expression is correlated with EPRS in the validation cohort of human subjects. 

Pearson correlation coefficient was presented.

(B-C) SULF1 overexpression induces α-SMA and COL1A1 protein expression and rescues 

their expression from Halo suppression in primary mouse CFs indicated by IF. n>150 cells 

from 3 biologically replicated experiments were used for quantification.

Wu et al. Page 35

Circ Res. Author manuscript; available in PMC 2021 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) SULF1 overexpression partially rescues TGF-β-activated myofibroblast marker protein 

expression from Halo suppression in primary mouse CFs. Left panel: representative images 

of immunoblot. Right panel: quantitative analysis of IB images from n=3–4 replicated 

experiments.

(E) Schematic model of EPRS-mediated translational activation of PRR proteins during 

cardiac fibrosis. XPPY: PP represents ProPro; X and Y represent any amino acid.

Comparisons were performed by non-parametric Kruskal-Wallis test with Conover-Iman 

method for post hoc pairwise comparisons and Benjamini-Hochberg correction for B-D.
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