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Abstract 24 

miRNAs play critical roles in heart disease. In addition to differential miRNA expression, miRNA-mediated 25 

control is also affected by variable miRNA processing or alternative 3‟-end cleavage and polyadenylation 26 

(APA) of their mRNA targets. To what extent these phenomena play a role in the heart remains unclear. We 27 

sought to explore miRNA processing and mRNA APA in cardiomyocytes, and whether these change during 28 

cardiac hypertrophy. Thoracic aortic constriction (TAC) was performed to induce hypertrophy in C57BL/6J 29 

mice. RNA extracted from cardiomyocytes of sham-treated, pre-hypertrophic (2 days post-TAC), and 30 

hypertrophic (7 days post-TAC) mice was subjected to small RNA- and poly(A)-test sequencing (PAT-Seq). 31 

Differential expression analysis matched expectations; nevertheless we identified ~400 mRNAs and 32 

hundreds of noncoding RNA loci as altered with hypertrophy for the first time. Although multiple processing 33 

variants were observed for many miRNAs, there was little change in their relative proportions during 34 

hypertrophy. PAT-Seq mapped ~48,000 mRNA 3‟ends, identifying novel 3‟UTRs for over 7,000 genes. 35 

Importantly, hypertrophy was associated with marked changes in APA with a net shift from distal to more 36 

proximal mRNA 3‟-ends, which is predicted to decrease overall miRNA repression strength. We 37 

independently validated several examples of 3‟UTR proportion change and showed that alternative 3‟UTRs 38 

associate with differences in mRNA translation. Our work suggests that APA contributes to altered gene 39 

expression with the development of cardiomyocyte hypertrophy and provides a rich resource for a systems-40 

level understanding of miRNA-mediated regulation in physiological and pathological states of the heart. 41 

Key Words: Cardiac hypertrophy, microRNA, mRNA 3‟UTR, APA, RNA-seq 42 

Highlights: 43 

 A compendium of cardiomyocyte miRNA processing and mRNA and lncRNA 3‟-end formation 44 

 Novel mRNA 3‟UTRs were identified for over 7,000 genes 45 

 Extensive documentation of changes during early TAC-induced cardiac hypertrophy 46 

 There was little change in miRNA processing but widespread deregulation of mRNA APA 47 

 mRNA APA affects miRNA targeting and mRNA translation 48 

 A net shift towards shorter mRNA 3‟UTRs is a feature of early cardiac hypertrophy 49 

 50 
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1. Introduction 51 

Cardiac adaptation to developmental cues and to pathological states requires carefully orchestrated 52 

expression of the genome [1, 2]. Integral to the gene regulatory machinery are the ~22 nucleotide (nt) long 53 

microRNAs (miRNAs) [3]. miRNAs are guides for RNA-induced silencing complexes (RISC), which 54 

contain an argonaute (AGO) protein at their core. miRNA/RISC bind to partially complementary target sites, 55 

typically within the 3‟ untranslated region (3‟UTR) of messenger RNAs (mRNAs), inhibiting translation and 56 

inducing degradation of the mRNA [3]. Dysregulation of multiple miRNAs is known to contribute to 57 

cardiovascular pathologies, which commonly involve left ventricular hypertrophy (LVH) [4], sparking 58 

efforts to develop miRNA-based therapeutic strategies for heart disease [5]. 59 

miRNAs are processed from primary miRNA transcripts (pri-miRNA), which contain stem-loop structures. 60 

The nuclear endonuclease Drosha cleaves pri-miRNA, releasing a ~50-150nt hairpin precursor (pre-61 

miRNA), which consists of a loop, and 5p- and 3p-arms. Following export to the cytoplasm, Dicer removes 62 

the pre-miRNA loop, resulting in a ~22bp duplex. Both strands of the duplex can be incorporated into RISC, 63 

although one is usually preferred over the other [6]. Additionally, many miRNAs are processed into 64 

functional variants, called isomiRs, where start- or end-points are shifted relative to the canonical miRNA 65 

sequence. Trimming or non-templated additions (NTA) generate further diversity at the 3‟-end, while 66 

internal editing (IE) can also modify miRNAs [7, 8]. Cardiomyocytes are rich in the above miRNA variants 67 

[9]. Furthermore, the relative proportions of specific variants are regulated during processing by RNA-68 

binding proteins (RBPs) [10], and can vary between different tissues or cellular states [8]. miRNAs 69 

predominantly recognise their mRNA targets through base-pairing of a shorter seed region (miRNA position 70 

2-8) [3]. Thus, variable arm bias, generation of 5‟ start isomiRs and editing within the seed region are each 71 

expected to change miRNA targeting properties [7]. The consequences of altering the miRNA 3‟-end are less 72 

obvious, but have been linked to altered miRNA turnover and differential association with AGO proteins [6, 73 

7]. 74 

miRNA-mediated control equally depends on the presence of target sites in the 3‟UTR of mRNAs [7]. 75 

3‟UTRs are docking platforms for post-transcriptional regulators of gene expression, including miRNAs and 76 

RNA-binding proteins (RBPs) [11, 12]. mRNA 3‟-end formation involves cleavage of the nascent mRNA 77 
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10-30nt downstream of a poly(A) signal (PAS) and addition of a poly(A) tail. Alternative cleavage and 78 

polyadenylation (APA) often generates several mRNA isoforms with different 3‟UTR lengths [13-15]. APA 79 

patterns are tissue-specific, e.g. mRNAs in the brain typically have longer 3‟UTRs, whereas those in the 80 

testes have shorter 3‟UTRs [16]. Furthermore, 3‟UTRs are shortened at proliferative stages, such as during 81 

oncogenesis and T-cell expansion, and lengthened during differentiation and development [13, 17]. mRNA 82 

variants with longer 3‟UTRs are likely to have more binding sites for RBPs and miRNAs [13, 17]. Thus, 83 

APA can alter miRNA-mediated gene regulation [14, 17, 18]. 84 

A common feature of cardiac pathologies is an increased hemodynamic load on the heart, leading to an 85 

enlargement of cardiomyocytes. With persistence of the stress, the initially adaptive hypertrophic response 86 

results in impaired cardiac contractility due to cardiomyocyte dysfunction and loss [1, 19]. Hence, chronic 87 

LVH often culminates in end-stage heart failure. Here we used a mouse model of LVH to explore alterations 88 

in miRNA processing and mRNA APA. We chose the early time points of 2 and 7 days post-TAC to focus 89 

on change during early hypertrophy development rather than later adaptive responses. Using high-throughput 90 

sequencing (HTS), we identified processing variants of miRNAs and 3‟-ends of polyadenylated RNAs in 91 

purified murine cardiomyocytes, providing a useful resource for future cardiac research. Dysregulation of 92 

mRNA 3‟-end formation and a global shift towards shorter 3‟UTRs through APA emerged as prominent 93 

features of cardiomyocyte hypertrophy, which may offer new avenues for development of therapeutic 94 

approaches. 95 

 96 

2. Materials and Methods 97 

2.1. Thoracic aortic constriction (TAC) and cardiomyocyte preparation 98 

All animal studies were performed according to the Australian Code for the Care and Use of Animals for 99 

Scientific Purposes 8
th
 Edition (2013) and were approved by the Garvan Institute of Medical Research/St 100 

Vincent's Hospital Animal Ethics Committee under project number 11/25. 101 

TAC was performed on 12-week old male C57BL/6J mice as described previously [20]. Sham-operated 102 

animals underwent the same procedure without permanent constriction of the aorta. Ventricular systolic and 103 
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diastolic functions were assessed by micromanometry using Acqknowledge software (Biopac Systems Inc.). 104 

After micromanometry, one cohort of mice was euthanized by cervical dislocation, and hearts were excised 105 

for gross morphological and mRNA measurements of left ventricular hypertrophy. In a second cohort of 106 

mice, the mice were heparinised and euthanized for immediate cannulation of the hearts. Cardiomyocytes 107 

were isolated from the cannulated hearts essentially as previously described [21], with the exception that the 108 

purified cells were immediately dissolved in TRIzol
®
 for RNA extraction, without a plating and culture step. 109 

 110 

2.2 RNA extraction and quantitative RT-PCR 111 

RNA was extracted using the standard TRIzol
®
 protocol with an additional overnight sodium acetate/ethanol 112 

precipitation step. 1 µg of RNA was reverse transcribed using random hexamers and Superscript III (Life 113 

Technologies). qPCR analyses were performed according to routine protocols using SYBR green. Raw 114 

expression values were normalized to the reference genes hypoxanthine phosphoribosyl transferase (HPRT), 115 

acidic ribosomal phosphoprotein P0 (ARBP), and calnexin1 (CANX1) for all applications except for 116 

analyses of polysome gradient fractions, where raw values were normalised to a Renilla luciferase mRNA 117 

spiked into in each gradient fraction, and accompanying values from total RNA were normalised to 118 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primer sequences are listed in Supplementary Table 119 

S1. 120 

2.2.1. 3‟-RACE 121 

3  -RACE experiments were performed by RT-qPCR amplification using a TVN anchor primer [22]. PCR 122 

products were cloned using the pGEM®-T Vector (Promega), and prepared for BigDye
® 

Terminator 123 

Sequencing as per manufacturers‟ instructions. 124 

 125 

2.3. Small RNA library preparation and HTS 126 

Small RNA libraries were created from 2µg of total RNA using the NEBNext
®
 Small RNA Library Prep Set 127 

for SOLiD™ as per manufacturer‟s instructions. The PCR amplification was modified from the NEBNext
®
 128 
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protocol to include the SOLiD™ 5‟ PCR Primer and SOLiD™ 3‟ Barcodes for each sample (Barcodes 2-9), 129 

and 13 cycles of amplification were used. PCR products corresponding to miRNA-sized inserts were excised 130 

from a polyacrylamide gel and further processed for sequencing using the SOLiD™ 5500 platform (35nt 131 

read length). 132 

 133 

2.3.1. Small RNA sequencing data analysis 134 

HTS reads were processed and mapped to the mouse genome (version mm10) using Bowtie version 1.0.0 as 135 

described previously [23]. Reads were assigned to a miRNA if they were between 20-26nt in length and their 136 

5‟ ends mapped to within ±3nt of a miRNA 5‟ end as annotated in miRBase version 20. Within those 137 

constraints, reads with mapped start- or end-points that exactly matched miRBase-annotations were classed 138 

as canonical miRNA reads, whereas those that differed were considered as representing 5‟- or 3‟- isomiRs, 139 

respectively. Reads with an internal nucleotide mismatch were taken as evidence for internal editing (IE); 140 

those with mismatches in the last two nucleotides were indicative of miRNAs with non-templated additions 141 

(NTA). Furthermore, hairpin arm bias was calculated for each miRNA locus as the proportion of all miRNA 142 

reads that mapped to the 5‟ arm of the hairpin. 143 

 144 

2.4. Poly(A)-Test sequencing (PAT-Seq) library preparation and HTS 145 

PAT-Seq libraries were prepared from 2µg of total RNA as described previously [24], with some 146 

adjustments to accommodate use of the SOLiD
TM

 Total RNA-Seq kit. Specifically, following collection of 147 

3‟RNA fragments on streptavidin beads and 5‟ phosphorylation with Polynucleotide Kinase (PNK), 5‟ 148 

SOLiD adaptors were then ligated using the SOLiD™ Total RNA-Seq kit as per manufacturer‟s instructions. 149 

Following reverse transcription and insert size selection (~70-300nt), the purified cDNA was then PCR 150 

amplified by standard protocols for 15 cycles using universal SOLiD sequencing and barcoding primers 151 

(Supplementary Table S1). The libraries were then further processed for sequencing using the SOLiD™ 152 

5500 platform (75nt read length). 153 

 154 
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2.4.1. PAT-Seq data analysis 155 

2.4.1.1. Read alignment to genome and transcriptome 156 

First, a custom Perl script (Supplementary Material 1) was used to trim adaptors and remove all reads with a 157 

mean Phred score of <18, retaining a base call accuracy of ~98%. This yielded ~4.4x10
7
 high quality reads 158 

per library, which were then mapped to the mouse genome in three stages. In the first stage, reads were 159 

mapped to the reference mouse genome (mm10, including 18s (NR_003278.3) and 28s (NR_003279.1) 160 

rRNA sequences) using Bowtie version 1.0.0 [25]. Mapping parameters were chosen to allow for up to 3 161 

mismatches in the first 20nt „seed‟ region, and the alignment was extended to the full length of the read if the 162 

sum of the Phred scores at mismatch positions did not exceed 150. Reads were allowed to map to up to 20 163 

locations. Reads that failed to align to the genome were mapped to the mouse transcript sequences (Ensembl 164 

v77) to capture exon junction-spanning reads. In this second stage of mapping, reads were allowed to match 165 

to up to 200 locations, retaining only mapping locations with minimum mismatches. RNA alignments were 166 

then transferred to genomic coordinates. Reads that could neither be mapped to the genome nor the 167 

transcriptome may contain the beginning of a poly(A) tail. Thus, in the third stage of mapping, unmapped 168 

reads were mapped to the genome using the first 21nt seed of the read, allowing up to 3 mismatches in this 169 

region. Reads were allowed to map to up to 200 locations with minimum mismatches. Seed alignments were 170 

extended, retaining minimum mismatches between the polyA tail and the templated region of the read. All 171 

three alignments (i.e. genome, RNA and seed alignments) were then merged into one alignment file per 172 

sample for further downstream analysis. 173 

 174 

2.4.1.2. Defining PAT-Seq peaks and polyadenylation positions 175 

Read alignments were processed to identify expression contigs. Corresponding PAT-Seq peaks with 10 176 

reads present in at least 2 libraries and >75nt in length were selected for further downstream analysis. Peaks 177 

were assigned to genomic features as follows (c.f. Fig. 3A). First, peaks were assigned to an annotated gene 178 

(protein coding or non-coding, intron or exon) if they overlapped with that gene on the same strand. For 179 

peaks that did not overlap with a known gene, the opposite strand was searched for genomic features. If there 180 
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was an annotated gene on the opposite strand, the peak was classified as an „antisense‟ peak. For peaks that 181 

met neither of these criteria, they were either assigned to an annotated gene on the same strand up to 20kb 182 

upstream, or were classified as „unannotated‟ peaks. 183 

Note that the following special criteria were implemented for protein coding gene-associated peaks. First, the 184 

20kb downstream interval was defined as beginning at the CDS stop codon, rather than the 3‟ most annotated 185 

transcript end (the criteria we used for noncoding genes). Second, all peaks downstream of the CDS stop 186 

codon were classified as „downstream‟ peaks, rather than as „exonic‟ (or „intronic‟) peaks. This allowed for a 187 

categorisation of all detected mRNA 3‟UTRs in our dataset into known or novel variants (Fig. 4A). 188 

Specifically, we compared the end position of all peaks (or the start of the poly(A) tail for peaks containing 189 

non-templated poly(A)) with annotated transcript ends reported in Ensembl v77. Only peaks located >100nt 190 

upstream or downstream of annotated 3‟ends were defined as „novel‟. 191 

The position of the hexanucleotide PAS motif was counted from the 5‟ start of the motif. PAS assignment 192 

was hierarchical, with a canonical poly(A) signal within 50nt upstream of a cleavage site being defined as 193 

the likely functional poly(A) signal for that peak. If no canonical poly(A) signal could be found within 50 nt, 194 

then the closest non-canonical poly(A) signal was assigned to that peak.  195 

 196 

2.5. Differential analyses 197 

2.5.1. Differential miRNA and mRNA expression 198 

Differential gene expression analyses were performed using the edgeR package [26] (R scripts provided in 199 

Supplementary Material 2). For the differential expression analyses of mRNAs, counts from „downstream‟ 200 

protein-coding peaks associated with the same gene ID were added together to obtain an expression value 201 

that was proportional to the total expression of that gene; we henceforth refer to this value as the total gene 202 

expression. Expression counts were normalized to account for different library sizes. 3 pairwise analyses 203 

were performed: 2 day TAC versus all sham, 7 day TAC versus all sham and all TAC versus all sham.  204 

 205 

2.5.2. Differential processing of miRNAs and mRNA 3’UTRs 206 
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Differential analyses of miRNA variant expression and mRNA 3‟UTR expression between TAC and sham 207 

were performed using the DESeq2 R package [27]. Expression counts were normalized to account for 208 

different library sizes, and shrunk using an empirical Bayes approach to account for events with low counts 209 

and large dispersion. The normalized data were modeled using a two-factor generalized linear model (GLM), 210 

with factors corresponding to condition (TAC vs sham), and processing (for miRNA: expression of variant 211 

vs. total; for mRNA 3‟UTR: expression of distal vs. proximal). The interaction term evaluates the 212 

dependence of changes in processing on the condition.  213 

In analyzing differential miRNA processing, the four different variants (5‟ isomiRs, 3‟ isomiRs, non-214 

templated additions (NTA), and internal editing (IE)) were first separately analyzed with respect to total 215 

expression of the mature miRNA. Additionally, for analysis of differential arm bias, expression of the 5‟ arm 216 

of miRNAs was also investigated with respect to total expression of the miRNA precursor. The per-miRNA 217 

fold change in variant processing between the conditions, TAC and sham, was given by the coefficient of the 218 

interaction term in GLM equation: 219 

                                                               log
 
(
TAC        

TAC      
)  log

 
(
Sham        

Sham      
)                                              (1) 220 

For differential polyadenylation (DPA) of mRNAs, genes with more than one 3‟UTR peak were analyzed. If 221 

an mRNA had more than two 3‟UTR peaks, all possible combinations of proximal and distal UTRs were 222 

considered in separate GLMs (Supplementary Fig. S6A). The per-comparison fold-change in proximal and 223 

distal UTR expression between the conditions TAC and sham was again given by the coefficient of the 224 

interaction in the GLM equation:  225 

                                                           log
 
(

TAC       

TAC         
)  log

 
(

Sham       

Sham         
)                                             (2) 226 

We also note that differential analysis results involving both DPA and miRNA variant processing were 227 

robust and consistent across different methods: For example, in an alternative and independent approach, 228 

used to select the experimental candidates, DPA was detected as a proportion between proximal and distal 229 

polyA sites, comparing all possible pair combinations of 3‟UTR peaks for a given transcript (for mRNAs 230 

with >2 CPM average expression and UTRs that contributed >10% of tags to total expression downstream of 231 

the stop codon). The data was transformed to an approximate Gaussian distribution by an arc sin 232 
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transformation, and then further log2 transformed. Count noise was then incorporated into the model by 233 

empirical quadratic fit of variance versus total read counts for each gene, using the Voom method [28]. A 234 

weighted moderated t-test was then used for differential processing using Limma [28]. The FDR was then 235 

estimated using the Storey method [29].  236 

 237 

2.5.3. Tests for statistical significance  238 

False Discovery Rate (FDR)-controlled p-values were obtained by adjusting for multiple testing following 239 

the procedure of Benjamini and Hochberg [30]. For all differential analyses, an FDR significance level of 240 

5% was chosen. In the mRNA DPA analysis, one gene may have multiple pair-wise comparisons between its 241 

3‟UTR peaks (Supplementary Fig. S6a). In these cases, multiple fold-changes belonging to the same gene 242 

will not be independent of each other, resulting in p-values that may be correlated. Thus it is important to 243 

note that the adjustment for multiple testing may lead to FDR estimations that are too conservative, which 244 

needs to be considered in interpreting the number of genes that show a „statistically significant‟ DPA.  245 

 246 

2.5.4. Gene set enrichment analyses 247 

Gene ontology (GO) term enrichment was assessed using DAVID [31] (http://david.abcc.ncifcrf.gov/). All 248 

genes from the cardiomyocyte PAT-Seq analysis with average expression of 2 counts per million (CPM) 249 

were used as background genes. Gene set enrichment analyses (GSEA) were conducted using the GSEA 250 

software v2.2.1 (Broad Institute) [32]. The ranked gene list input was constructed based on the fold-changes 251 

of the interaction term (see Eq. (1) and (2)), which measures the dependence of changes in processing on the 252 

changing conditions TAC and sham. Statistical significance was assessed by performing 1,000 random gene 253 

set permutations. An FDR significance level of 25% was chosen for all gene set enrichment analyses. 254 

 255 

2.6. Prediction of miRNA-3’UTR interactions 256 

Potential miRNA target sites were assessed using the miRmap [33] tools in Python. The region between the 257 

http://david.abcc.ncifcrf.gov/
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stop codon and the start of the poly(A) tail (or the distal edge of the peak for peaks lacking a poly(A) tract) 258 

were considered as the sequence for each 3‟UTR. miRmap was run on the 3‟UTR sequences to calculate 259 

context scores of potential binding sites for the 120 most abundant miRNAs detected in our cardiomyocyte 260 

small RNA-seq dataset. Default settings were employed as described [33] (7mer seed match minimum), 261 

employing all scoring criteria. Where more than one target site of the same miRNA occurred in a UTR, the 262 

scores between one miRNA and one 3‟UTR target were summed [33]. Only miR-mRNA interactions with a 263 

context score of < -0.3 were considered for further downstream analyses. For mRNAs with two or more 264 

3‟UTRs, an overall interaction score for the gene was calculated, weighted based on the proportion of each 265 

expressed 3‟UTR variant (schematic shown in Fig. 7Di). To determine whether there was a net change in the 266 

weighted interaction score between TAC and sham, a one-sample Student‟s t-test was conducted. 267 

Significance was accepted at p<0.05.  268 

 269 

2.7. Polysome gradient analysis of HL-1 cardiomyocytes 270 

HL-1 cells were provided by W.C. Claycomb and maintained as per instructions [34]. Cells were grown in 271 

15 cm
2
 dishes to ~80% confluency and processed for polysome analysis by sucrose density gradient 272 

centrifugation, as previously described [18, 35]. RNA was prepared from twelve fractions per gradient and 273 

used for RT-qPCR. 274 

 275 

3. Results 276 

3.1. Implementation of the TAC hypertrophy model and cardiomyocyte isolation  277 

We performed TAC
 
or sham surgery on twelve-week-old male C57BL/6J mice. Samples and measurements 278 

were taken at 2d post-surgery to analyze pre-hypertrophic responses, and at 7d to measure changes during 279 

compensated LVH (Fig. 1A). Increases in aortic and LV systolic pressures in TAC mice were demonstrated 280 

by micromanometry (Supplementary Fig. S1). LVH was evident by reactivation of fetal genes (Fig. 1B) and 281 

from gross morphological changes (Supplementary Fig. S2). Further, there were no signs of heart failure 282 

(Supplementary Fig S2D). Thus, a range of morphological, physiological and molecular changes indicated 283 



Soetanto, APA in heart disease 

12 

successful implementation of the TAC-induced compensated LVH. 284 

We then obtained enriched cardiomyocytes that were microscopically homogeneous (data not shown), and 285 

their purity was confirmed RT-qPCR (Fig. 1C, Supplementary Fig. S3). Of note, RNA was extracted directly 286 

from purified cardiomyocytes without an intervening cultivation step to preserve native transcriptome 287 

composition. Small RNA HTS and PAT-Seq were performed on two biological replicates per group, with a 288 

total of five replicates per group used for validations. 289 

 290 

3.2. Differential expression and processing diversity of cardiomyocyte miRNAs 291 

Small RNA HTS (average 1.1x10
7
 reads mapped to annotated miRNA loci per library) identified expression 292 

of 1,150 miRNAs (Supplementary Fig. S4A-D). Setting a threshold for expression (10 counts per million 293 

(CPM) across all libraries) retained 471 miRNAs for further investigation. Differential expression analysis 294 

between TAC and sham surgery yielded seven miRNAs showing increased and two with decreased 295 

expression at an FDR<5% (Fig. 2A, Supplementary Fig. S4E,F, Supplementary Table S2). Dysregulation of 296 

all but one of these miRNAs has been reported previously in murine TAC/LVH models [36-41]. Further, 297 

expression changes suggested trends in the expected direction for a literature-curated set of hypertrophy-298 

associated miRNAs [36-41], albeit outside our strict statistical significance level (Supplementary Fig. S5). 299 

Thus, we detected a hypertrophic miRNA signature in our purified TAC cardiomyocytes. Interestingly, we 300 

saw more pronounced dysregulation at 7d than at 2d (Fig. 2A, Supplementary Figs. S4E&F, S5), suggesting 301 

that miRNA changes are less involved in the instigation of hypertrophy than with adaptation to hypertrophic 302 

cardiomyocyte growth. 303 

Next, we focused on miRNA processing variations such as hairpin arm bias, 5‟ and 3‟isomiRs, NTA, and IE 304 

(Fig. 2B). We considered processing variants to be substantially expressed if they contributed 20% of the 305 

total expression of the miRNA. While most miRNAs displayed strong hairpin arm bias (Fig. 2C), 22 miRNA 306 

loci had relatively even expression from both arms (expression from either 5p- or the 3p- arm 20%; 307 

Supplementary Table S3). Interestingly, this includes therapeutically relevant examples such as the miRNA-308 

208a hairpin. We observed strong expression of miR-208a-5p (59.3% of total), even though miR-208a-3p 309 
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was initially considered to be the „mature‟ miRNA and targeted by anti-miR inhibition to block LVH [5]. 310 

Reads for most miRNAs mapped to one main 5‟ start position, while variability in the 3‟-end position was 311 

very common (Fig. 2C). For example, alternative 5‟isomiR variants amounted to 58% of miRNA-133a-3p 312 

expression, while 3‟isomiR variants contributed to 90% (data not shown). NTA was very common at low 313 

proportions (Fig. 2C) and reached 20% for 127 miRNAs. As expected, IE was detected primarily at very 314 

low levels (Fig. 2C). Detailed views of miRNA variant expression, generated with the miRSpring tool [42], 315 

are provided as a resource to facilitate accurate cardiac miRNA target predictions or the design of miRNA 316 

detection assays (Supplementary Material 3-10). 317 

No significant global changes were detected in miRNA processing during hypertrophy apart from small 318 

decreases in bulk NTA (non-templated A or U) and 3‟isomiR levels (Fig. 2D; ~5% and ~0.7%, respectively). 319 

The observed change in 3‟isomiR levels likely reflects changes in NTA, as a subset of U or A additions will 320 

fortuitously match to miRNA precursor template during read mapping. NTAs are generally associated with 321 

changes in miRNA function or stability. Both stabilizing and destabilizing effects on mRNAs have been 322 

reported [6], and thus their relevance here remains unclear. Evidence for hypertrophy-induced processing 323 

changes of individual miRNAs was absent from our data (Supplementary Table S4). The only exception was 324 

miR-330, which shifted 5p/3p arm bias from ~1:2 in sham towards 1:14 in TAC. miR-330 is thus a candidate 325 

for future work, although little is known about its role in the heart. Taken together, these findings indicate 326 

that the hypertrophic response of murine cardiomyocytes does not involve pronounced alterations to miRNA 327 

processing. 328 

 329 

3.3. A comprehensive map of polyadenylated RNA 3’-ends in cardiomyocytes 330 

We used the recently developed PAT-Seq method [24] to map and quantify RNA 3‟-end cleavage and 331 

polyadenylation events genome-wide. PAT-Seq focuses on the junction between the genomically-encoded 332 

3‟-ends of RNA and their non-templated poly(A) tails (Fig. 3A). Reads mapped to the mouse 333 

genome/transcriptome at an average depth of ~2.7 × 10
7
 reads per library (Supplementary Fig. S6A). Reads 334 

were assembled into PAT-Seq peaks, and after thresholds were applied (10 reads present in at least 2 335 
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libraries, peak width >75nt), we identified 113,524 3‟-ends of polyadenylated RNAs (Supplementary Table 336 

S5). 337 

Next, PAT-Seq peaks were classified based on position relative to genomic features (Fig. 3A). 24% of peaks 338 

were situated in intergenic regions (un-annotated), while the majority were associated with known features in 339 

either antisense (19%) or sense orientation (57%) (Fig. 3B, left panel). Sense-oriented peaks were associated 340 

with introns, exons or „downstream‟ regions (defined as peaks within 20kb downstream of stop codons for 341 

protein coding genes, or downstream of annotated 3‟-ends for noncoding (nc) RNAs). Relative expression of 342 

peaks differed between categories; canonical 3‟-ends of coding and non-coding RNAs were the most 343 

abundant, followed by internal exonic and intronic peaks. Antisense transcripts and un-annotated 344 

transcription events were the least expressed (Fig. 3B, right panel). Similarly, peaks corresponding to 345 

protein-coding genes were more expressed than those of noncoding genes (Supplementary Fig. S6B). Within 346 

sense-oriented peaks in protein-coding genes, those relating to 3‟UTRs downstream of the annotated stop 347 

codon were the most common and highly expressed (Supplementary Fig. S6C). Overall, these findings 348 

match expectations [24]
 
regarding the distribution and transcription frequencies of different RNA types. 349 

Importantly, they underscore the quality of our PAT-Seq data. 350 

Although not the main focus of this study, PAT-Seq revealed a considerable diversity of polyadenylated 351 

ncRNAs within cardiomyocytes. 7,683 peaks were associated with known ncRNA genes, and 4,136 of these 352 

were situated downstream of annotated 3‟ exon boundaries, suggesting unexpected transcription of longer 353 

ncRNA variants. A summary of the ncRNA biotypes is shown in Supplementary Fig. S7. Of note, we also 354 

flag 27,634 novel transcription events in un-annotated regions of the genome, likely reflecting expression of 355 

novel ncRNAs. This detailed map of ncRNA 3‟-ends complements the growing interest in cardiovascular 356 

ncRNA biology [4, 43]. 357 

 358 

3.4. Discovery of novel cardiomyocyte mRNA 3’UTRs 359 

We next focussed on the 31,110 „downstream‟ peaks representing mRNA 3‟-ends derived from 13,951 360 

protein-coding genes. Consistent with previous studies [44, 45], we found an average of 2.3 3‟UTRs per 361 
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gene and a median 3‟UTR length of 1101nt. Highly expressed 3‟UTRs tended to be shorter than those of 362 

lower abundance (Fig. 3C). Of peaks where read coverage included the poly(A) tail, 57% had the canonical 363 

AAUAAA PAS motif and a further 27% had non-canonical motifs (Fig. 3D). PAS variants occurred at the 364 

expected frequencies [13, 17] at a mean distance of 17.5nt from the 5‟ end of the motif to the poly(A) tail 365 

[13, 14] (Fig. 3E). We also conducted a GO analysis for genes with more than one 3‟UTRs, and we found 366 

that, as previously noted [46], terms relating to regulatory functions, such as post-translational modifications, 367 

signalling and transcription were enriched in these genes (Fig. 3F). Thus, the mRNA 3‟ peaks mapped here 368 

match multiple criteria for bona fide 3‟UTRs. 369 

52% of the mRNA 3‟-ends detected here coincided with previously annotated 3‟UTRs (based on Ensembl 370 

version 77), while the remaining 48% of peaks represent 14,933 novel 3‟UTRs, more often indicating 371 

expression of novel shorter rather than longer mRNA variants (Fig. 4A). Thus we report at least one novel 372 

3‟UTR for 7,348 genes. Almost all genes with more than one 3‟UTR had a novel variant associated with it 373 

(Fig. 4B). Notably, when inspecting known mRNA targets of the therapy-related miR-208a-3p [47], we 374 

found novel 3‟UTR variants for four of these (Sex Determining Region Y-Box 6 (Sox6), Purine-Rich 375 

Element Binding Protein B (PurB), Chromobox Homolog 1 (Cbx1), and Sp3 Transcription Factor (Sp3)), 376 

including two examples, PurB and Cbx1, with shorter 3‟UTRs that lack the miR-208a-3p target sites (data 377 

not shown). Further illustrating the impact of APA on miRNA regulation, we found at least one novel 378 

3‟UTR for ~70% of genes predicted to be targeted by miR-208a-5p (Fig. 4F; see also below). 379 

We independently validated the presence of PAT-Seq mapped 3‟-ends for several genes (Fig. 4C and 380 

Supplementary Fig. S8). For example, serum response factor (SRF) mRNA encodes a pro-hypertrophic 381 

transcription factor and its annotated 3‟UTR harbors predicted binding sites for four miRNAs that have been 382 

implicated in cardiac hypertrophy: miR-9, miR22-3p, miR101a/b, and miR150 [36]. We found a novel 383 

shorter SRF 3‟UTR that retains only one of these miRNA binding sites (Fig. 4C). Taken together, we 384 

provide an in-depth compendium of extant mRNA 3‟UTRs in cardiomyocytes that can provide better insight 385 

into post-transcriptional regulation of cardiac mRNA expression. 386 

 387 

3.5. Pronounced differential mRNA expression at the pre-hypertrophic stage 388 
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PAT-Seq data can be used to generate differential gene expression values [24]. This indicated widespread 389 

and early transcriptional change throughout the genome during hypertrophy, including markedly enhanced 390 

expression at many non-coding, antisense, and un-annotated loci (Supplementary Fig. S9, Supplementary 391 

Tables S6 and S7). To focus on mRNAs, read counts from all „downstream‟ peaks associated with the same 392 

gene ID were combined (Fig. 3A) and a threshold set at 2CPM/gene, yielding 8,222 genes. 623 genes were 393 

differentially expressed at one or both time points during TAC (FDR<5%) (Fig. 5A and B, Supplementary 394 

Table S8), with most changes evident by 2d and few genes altered exclusively at 7d. These findings contrast 395 

with the slower changes in miRNA expression. Importantly, they indicate that we primarily captured early 396 

responses to pressure overload and the transcriptional remodelling driving LVH, rather than later secondary 397 

effects. 398 

GO terms enriched among differentially expressed genes reflected well-recognised aspects of LVH (Fig. 5D; 399 

Supplementary Fig. S10A&B). Up-regulation of immune system processes was seen, likely a result of the 400 

cardiomyocytes expressing various stress-activated cytokines [48] and some immune cell infiltration that 401 

persisted in our cardiomyocyte preparation. Early and sustained decreases in the expression of genes related 402 

to fatty acid metabolism were consistent with a change in fuel preference from fatty acids to carbohydrates 403 

[49], while transient induction of ribosome biogenesis genes supported the need to increase capacity for 404 

protein synthesis [50]. In agreement with known morphological and contractile changes in LVH [19, 51], 405 

genes affecting intracellular structures were induced early, whilst extracellular matrix organization and cell 406 

adhesion genes were mostly induced at 7d. Finally, while our gene sets overlapped with those of other gene 407 

expression studies during TAC/LVH[41, 52-54], 395 genes were unique to our study (Supplementary Fig. 408 

S10C&D). Much of this variability is likely due to differences in implementation of TAC/LVH and in 409 

detection technology (e.g. microarrays versus HTS), while it may also reflect our focus on early changes 410 

specifically in cardiomyocytes. Thus, our data adds new texture to the range of affected genes within well-411 

known processes during LVH progression. 412 

 413 

3.6. Widespread mRNA APA with a net shift toward more proximal 3’-ends during hypertrophy 414 

To understand the effect of TAC on mRNA 3‟-end preference, we compared proximal to distal 3‟-end peak 415 
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ratios between sham and TAC for 2,981 genes with 2 peaks at 2d and 2,979 genes at 7d (10% expression 416 

per gene-associated peak). We considered all possible pairwise combinations of 3‟-end peaks for a given 417 

gene (Supplementary Fig. S11A). A statistically significant overall shift toward more proximal mRNA 3‟-418 

ends was observed during TAC that was more prominent at 2d than at 7d (~12% and ~6%, respectively) 419 

(Fig. 6A&B). The phenomenon was most pronounced for mRNAs with a high proportion of distal 3‟-ends 420 

and for those with lower FDR (Supplementary Fig. S11B&C). This indicates that a moderate widespread 421 

shift in APA towards proximal 3‟-end cleavage sites is part of the early processes in cardiac hypertrophy. 422 

Gene-specific shifts in APA balance were often subtle, posing challenges to statistically reliable 423 

quantification by PAT-Seq. As a means to identify candidates for follow-up, we filtered for genes with 424 

substantial changes in 3‟end preference (log2FC  ±1.5). This yielded 359 genes at 2d, 225 of which were 425 

shortened during TAC (237 genes at 7d; of which 143 were shortened). A subset of these also passed 426 

stringent statistical criteria (20 genes at FDR<5%; 65 genes at FDR 10%) (Fig. 6B, Supplementary Table 427 

S9). From the above lists we selected 13 genes based on FDR, magnitude of change but also recognized 428 

relevance to heart biology for independent validation. We employed an RT-qPCR strategy with primers that 429 

probed either both the proximal and distal 3‟UTRs, or only the distal variant (Fig. 6Ci). The expected shift in 430 

mRNA 3‟-end preference was seen for most examples in a larger set of five biological replicates (Fig. 6Cii). 431 

This indicates that multiple individual genes show strong shifts towards either more proximal or distal 432 

mRNA 3‟-ends, which superimpose onto the moderate transcriptome-wide trend towards more proximal 433 

mRNA 3‟-ends. 434 

We further ranked all genes by change in 3‟-end proportion with hypertrophy and performed gene set 435 

enrichment analysis (GSEA). This primarily found enriched sets at 2d (Fig. 6D). Specifically, gene sets 436 

associated with RNA metabolism/splicing, protein ubiquitination and phosphorylation as well as intracellular 437 

signaling were enriched with genes that shifted towards proximal mRNA 3‟-ends in hypertrophy. 438 

Interestingly, the GSEA sets largely referenced processes other than those targeted by transcriptional change 439 

(Fig. 5D). 440 

 441 

3.7. Exploring the molecular mechanisms behind APA in hypertrophy 442 
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A change in mRNA 3‟-end preference can result from alternative splicing leading to alternative terminal 443 

exon usage, or from different poly(A) site usage within one primary transcript (e.g. APA within the same 444 

terminal exon) [13]. The latter could be the result of altered activity/specificity of the 3‟end cleavage and 445 

polyadenylation machinery or be driven by changes in gene transcription [13, 55, 56]. Although this study 446 

was not primarily designed to address APA mechanisms, we sought to glean some preliminary insights from 447 

the available data by investigating whether there is a correlation between mRNA 3‟-end preference during 448 

hypertrophy and either changes in mRNA expression, or the tendency for genes to exhibit alternative splice 449 

variants. We were not able to detect such a relationship (Supplementary Fig. S12A&B), which may suggest 450 

that gene expression and alternative splicing do not play major roles in determining hypertrophy-associated 451 

APA. 452 

3‟UTR balance could also be altered at the post-transcriptional level by changes in miRNA expression. For 453 

instance, as mRNA variants with extended 3‟UTRs are likely to harbor more miRNA target sites than those 454 

with short 3‟UTRs [17], an up-regulation of certain miRNAs in the cell could result in their selective 455 

degradation, effectively shifting the balance towards shorter mRNA variants. Conversely, it has been 456 

observed that miRNAs themselves can be degraded when their targets are absent [57]. Thus, a shift in 457 

balance towards shorter 3‟UTRs would be expected to lead to a decrease in affected miRNAs. To assess this, 458 

we used miRmap [33] in conjunction with the 3‟UTR coordinates identified by PAT-Seq to identify 459 

predicted miRNA targets in cardiomyocytes. This yielded 871 targets at 2CPM for the top 10 most highly 460 

expressed miRNAs (Supplementary Table S10). No significant correlation between 3‟UTR shortening and 461 

relevant miRNA expression was seen (Supplementary Fig. S12C), indicating that interdependence between 462 

miRNA and mRNA levels also does not explain hypertrophy-associated APA. 463 

This left altered activity/specificity of the 3‟end cleavage and polyadenylation machinery as a plausible 464 

explanation. PAT-Seq data indicated differential expression of several complex subunits and regulators, but 465 

no coherent change of the whole machinery with hypertrophy (data not shown). 466 

 467 

3.8. Consequences of APA for miRNA targeting and mRNA translation 468 
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We further used our miRNA target prediction analysis to assess the consequences of APA for miRNA-target 469 

interactions. miRmap[33] provides a context score for each site as a measure of the strength of miRNA-470 

target interaction. We used the miRmap scores to calculate weighted miRNA interaction scores for each gene 471 

based on the number and strength of miRNA target sites in each of the gene‟s 3‟UTR variants and the 472 

relative proportions of the 3‟UTRs, Changes in the latter parameter caused differences in these scores 473 

between sham and TAC, which are plotted as heat maps for each of the selected miRNAs in Fig. 7A. This 474 

illustrates how APA perturbs miRNA action: genes with an increased proportion of longer 3‟UTR variants 475 

become more strongly targeted by a miRNA, and genes with an increased proportion of shorter 3‟UTR 476 

variants become less strongly targeted. Although both weakened and strengthened interactions were 477 

observed frequently, a trend towards overall weaker interactions with hypertrophy reached statistical 478 

significance for several individual miRNAs, including the disease-related miRNA-208a-5p [5] (e.g. 479 

p=0.0057 at 2d, data not shown) as well as overall for the 120 appreciably expressed miRNAs included in 480 

our miRmap analysis (Fig. 7B). This concurred with the observed global trend towards shorter mRNA 481 

3‟UTRs. 482 

Assessing changes in mRNA translation due to shifts in 3‟UTR variant proportion would be difficult to 483 

assess directly in the TAC/LVH model. Thus, we used an experimental approach combining RT-qPCR (Fig. 484 

6C) with sucrose density gradient ultracentrifugation (Fig. 8A) in HL-1 cardiomyocytes [34]. While the HL-485 

1 context does not completely mimic cardiomyocytes in the heart or indeed the effects of hypertrophy, it can 486 

provide evidence that different 3‟UTRs associate with distinct translation outcomes, We therefore assessed 487 

the translation state of three different mRNAs with 3‟-end variants in PAT-Seq (Fig. 8B-D, panels „i‟). 488 

Although PAT-Seq had revealed a novel shorter 3‟UTR for Prkaa2 mRNA in native cardiomyocytes, there 489 

was no detectable expression of this variant in HL-1 cells (Fig. 8Bii). Thus, both primer pairs returned an 490 

identical polysome profile, i.e. that of the longer mRNA variant (Fig. 8Biii), and this served as a positive 491 

control for the robustness and reproducibility of the overall approach. Analysis of GSK3b illustrated how a 492 

complex combination of alternative promoter usage and splicing can generate mRNA variants differing in 493 

3‟-end position. HL-1 cells expressed both mRNA variants (Fig. 8Cii) and two distinct polysome profiles 494 

were recorded (Fig. 8Ciii). Of note, the „longer‟ variant of GSK3b mRNA sediments into denser polysomal 495 
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regions than its „shorter‟ variant, likely due to overriding repressive elements in the alternate upstream exons 496 

of the latter variant. Finally, SRF emerged as a clear example of a single transcript structure with variants 497 

differing solely in 3‟UTR length (see also Fig. 4F). Again, distinct polysome profiles were seen with each 498 

primer pair (Fig. 8Dii&iii). The SRF profiles can be interpreted solely in terms of 3‟UTR length; here we see 499 

the expected trend of more efficient translation of the shorter variant as compared to the longer variant. 500 

Altogether, these data illustrate how hypertrophy-induced APA has the capacity to alter miRNA-target 501 

network topology and affect the utilisation of mRNA for protein synthesis. 502 

 503 

4. Discussion 504 

Here we profiled the cardiomyocyte transcriptome during early TAC-induced LVH. Parallel application of 505 

small RNA and PAT-Seq recorded changes in the expression of miRNAs and a diverse range of 506 

polyadenylated RNAs, including known and novel long ncRNAs. Documenting and cross-referencing extant 507 

variants of miRNA processing and mRNA 3‟-ends generated a rich resource for cardiac research. Notably, 508 

there was widespread and early dysregulation of mRNA APA during LVH, with an overall shift towards 509 

shorter mRNA 3‟UTRs. We further obtained evidence for functional consequences to the miRNA/mRNA 510 

interactome and the utilization of mRNAs for protein synthesis. 511 

A distinctive feature of our study is its focus on the pre-hypertrophic stage (2d) and comparison to 512 

compensated LVH (7d). We noticed rapid and pronounced changes in mRNA expression, while miRNA 513 

changes lagged behind in comparison. Most previous gene expression studies in TAC/LVH reported change 514 

only at one week and beyond. Our data at 7d broadly concurs with prior miRNA expression studies [37, 39-515 

41] (Fig. 2A, Supplementary Fig. S5). Sayed et al. [37] sampled whole hearts at 1d, 7d and 14d and 516 

microarray analysis similarly detected more pronounced miRNA changes at later times. Zhao et al. [53] and 517 

Van den Bosch et al. [54] used microarrays to measure mRNA expression over time in whole hearts, starting 518 

at 2d. They reported conflicting results; the former observing a slow build-up of change while the latter saw 519 

a temporal pattern similar to ours. Differences in severity of TAC, detection technology and our unique focus 520 

on cardiomyocyte gene expression may in part explain these discrepancies. The relative delay in miRNA 521 
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expression changes suggests that most of these occur subsequent to primary changes in chromatin state at 522 

miRNA loci or transcription factor activity [6]. This might delimit the importance of miRNAs for pre-523 

hypertrophic processes, however, early mRNA APA provides another means of effecting miRNA regulation 524 

(see below). 525 

Pronounced mRNA expression changes during LVH yielded patterns of GO term enrichment (Fig. 5D; 526 

Supplementary Fig. S10). In the main, enriched terms reflect recognised aspects of hypertrophy and our GO 527 

patterns resemble those seen with previous mRNA expression studies of TAC/LVH [52-54]. This is 528 

remarkable given the modest overlap in affected genes between individual studies (Supplementary Fig. S10). 529 

Vis-à-vis previous reports, the present work adds a combination of comprehensive gene coverage by HTS 530 

and inclusion of a 2d pre-hypertrophic time-point, to better resolve cellular functions affected by early 531 

mRNA expression change. Interestingly, GSEA with genes ranked by degree of mRNA 3‟UTR shortening 532 

(Fig. 6D) identified cellular processes other than those targeted by transcriptional change, suggesting that the 533 

transcriptome-wide mRNA APA trends serve separate regulatory roles during hypertrophy development. 534 

This study provides a resource for research into RNA-level regulation in cardiac biology, including anti-miR 535 

therapy development. We uniquely focused on the pre-hypertrophic stage in purified cardiomyocytes, 536 

enriching for early causal events and largely eliminating complications due to heterogeneity of responses in 537 

different cardiac tissues/cell types. Parallel measurement of miRNA and mRNA expression in TAC/LVH has 538 

been reported previously, but only at 7d [41]. Other studies have performed array-based profiling of either 539 

miRNA or mRNA during TAC/LVH and were thus limited by the scope of arrays available at the time [36-540 

39, 52-54]. We provide detailed information on cardiomyocyte miRNA processing variants, readily 541 

accessible through the miR-Spring files provided (Supplementary Material 3-10). Our genome-wide maps of 542 

polyadenylated RNA expression and change during TAC/LVH provide rich information on the expression of 543 

known and novel long ncRNA and mRNA APA variants. The former feeds into the growing interest in 544 

cardiovascular ncRNA biology [4, 43], while the latter informs our understanding of miRNA function (see, 545 

for example, Fig. 7D) and should be applied in future exploration of the role of RBPs [11, 12] in the heart. 546 

The most remarkable observation with PAT-Seq was the early and pronounced shift towards shorter mRNA 547 

3‟UTRs during LVH. This is a phenomenon more commonly associated with proliferation and cancer[17], 548 
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although Park et al. [52] had previously noted it in TAC/LVH. They measured mRNA expression at one, 549 

four and twelve weeks using microarrays and found evidence for widespread alternative splicing. Analysis of 550 

array probes around PAS motifs within annotated final exons further indicated a shift towards more proximal 551 

mRNA 3‟-end formation [52]. PAT-Seq is not limited to detecting shifts within annotated exons and thus we 552 

based our observations on measuring extant, known and novel cardiomyocyte 3‟UTRs. Further, APA change 553 

was most pronounced at 2d, a time point not included in the previous work. Moreover, we revealed several 554 

gene functions as enriched among mRNAs with shortened 3‟UTRs (Fig. 6D), whereas this was not evident to 555 

Park et al. [52]. Our GSEA sets related to RNA metabolism/splicing and notably, protein ubiquitination, 556 

phosphorylation and intracellular signaling. These are highly relevant regulatory processes not enriched 557 

among genes affected by transcriptional change (Fig. 5D). LVH centrally features elevated proteasome-558 

mediated protein turnover [58] and post-translational activation of intracellular signal-transduction to alter 559 

gene expression in the nucleus and cytoplasm [2]. APA thus emerges as an additional, post-transcriptional 560 

mechanism to regulate these signaling pathways as an early response to pressure overload. 561 

What could cause a change in mRNA 3‟-end preference during LVH? Alternative terminal exon usage, 562 

changes at the transcriptional level [13, 55, 56], or an interrelationship with mRNA and targeting miRNA 563 

expression level were all plausible causes [14, 57]. We did not uncover a correlation between the above and 564 

our APA patterns (Fig. 7A-C), although each of these mechanisms are expected to be at play for individual 565 

genes. It has been hypothesised that altered activity of the multi-subunit 3‟-end cleavage and polyadenylation 566 

machinery is involved in the preferential use of proximal PAS in proliferative cells, although the evidence 567 

for this is as yet inconclusive. While expression levels of the APA componentry generally correlate with the 568 

cellular proliferative potential, their systematic depletion by RNAi also caused 3‟UTR shortening [15]. 569 

Selective changes to the activity of critical APA components, perhaps by post-translational modifications 570 

triggered through hypertrophy-associated signalling pathways, remain particularly interesting options to 571 

explore in future research. 572 

What are the consequences of a change in mRNA 3‟-end preference during LVH? This issue is 573 

controversially discussed in the context of proliferative cells. Studies reporting either pronounced or minor 574 

effects of APA on post-transcriptional gene regulation have been reported [13, 15]. Park et al. [52] noted an 575 
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increase in steady-state level of mRNAs targeted by several miRNA families during TAC/LVH. We 576 

expanded on this observation here by building quantitative networks of predicted miRNA-target interactions 577 

for the 120 most highly expressed miRNAs, based on actual cardiomyocyte mRNA 3‟UTRs as determined 578 

by PAT-Seq (Supplementary Table S11). Using this resource we saw a widespread shift towards weakened 579 

miRNA targeting ability, while providing broader and more direct bioinformatics evidence (Fig. 7Diii). 580 

Polysome association experiments (Fig. 8) furthermore served as proof-of-principle that APA can affect 581 

mRNA translation in cardiomyocytes. 582 

Cardiac hypertrophy features increases in both efficiency (e.g. by post-translational activation of translation 583 

initiation factors) and capacity of translation (e.g. induction of ribosome biogenesis) to meet protein 584 

synthesis demands [50]. It is attractive to speculate that a global shift towards shorter mRNA 3‟UTRs as seen 585 

here, and the anticipated positive effects in terms of mRNA utilisation, are a third element in an overall 586 

strategy to increase cardiomyocyte protein synthesis during hypertrophy. Future efforts should be directed 587 

towards identifying the molecular players driving these events in both proliferative and hypertrophying cells, 588 

as they may represent attractive targets for novel therapy development in a variety of pathologies, including 589 

cancer [17] and cardiac disease [7].  590 
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 602 

Fig. 1. Murine model of LVH by TAC. A) Experimental workflow (see Materials and Methods for details). 603 

B) Re-activation of fetal hypertrophy markers atrial natriuretic peptide (ANP), β-myosin heavy chain (β-604 

MHC), brain natriuretic peptide (BNP), and α-skeletal actin (α-Ska) was measured by RT-qPCR. Levels in 605 

TAC-banded mice are expressed relative to sham-operated controls (n=6-9 pairs, mean±SEM; blue *p<0.05, 606 

**p<0.01, ***p<0.001, ****<<0.0001, two-tailed Student‟s t-test). C) Enrichment of cardiomyocytes 607 

assessed by RT-qPCR of cardiomyocyte markers troponin T type 2 (Tnnt2) and myosin light chain 2v 608 

(Mlc2v), and non-cardiomyocyte (fibroblast and endothelium) markers collagen type 1 alpha 1 (Col1a1) and 609 

type 3 alpha 1 (Col3a1), vimentin and discoidin domain-containing receptor 2 (Ddr2) (n=20; *p<0.01, two-610 

tailed and two-sample Student‟s t-test). See Supplementary Figs S1-3 for further morphological, 611 

physiological and molecular measurements to establish TAC-induced hypertrophy and cardiomyocyte 612 

purification. 613 

  614 
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 615 

Fig. 2. Differential expression and processing diversity of cardiomyocyte miRNAs. A) Heat map of 616 

differentially expressed miRNAs between TAC and sham surgery at an FDR<5%. Black cross: differential 617 

expression previously reported; red cross: reported as pro-hypertrophic; green cross: differential expression 618 

previously reported for the other strand of the miRNA hairpin [36-41]. B) Schematic of the different miRNA 619 

processing variants considered here. C) Diversity of miRNA processing variant expression. Violin plots 620 

incorporate boxplots, where white segments represent the median variant proportion across all microRNAs, 621 

black „boxes‟ represent interquartile range and „whiskers‟ represent the variability outside the upper and 622 

lower quartiles; kernel density plots of the probability distribution are shown in blue. Graphs display pooled 623 

data from all eight samples for miRNAs with an average expression of >10CPM/library. D) Boxplots 624 

comparing overall changes in miRNA processing variants between TAC and sham surgery (blue 625 

***p<0.001, ****<<0.0001, two-tailed, one-sample Student‟s t-test). See Supplementary Figs S4-5 for 626 

further details on miRNA expression. 627 

  628 
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 629 

Fig. 3. Transcriptome-wide detection of polyadenylated RNA 3‟-ends. A) Schematic of PAT-Seq method 630 

and hierarchical peak classification (see Materials and Methods for details). B) Distribution (left) and 631 

abundance (right) of PAT-Seq peaks by genomic region. C) Dependence of peak abundance on distance 632 

from stop codon for protein coding genes. D) Frequency of polyadenylation signal (PAS) variants within 633 

„downstream peaks for protein coding genes. E) Distance between closest PAS and the poly(A) tail. F) 634 

Enrichment of gene ontology (Biological Processes: BP, Molecular Function: MF) and KEGG pathway 635 

terms among genes expressing more than one 3‟UTR. The associated number of genes is shown in 636 

parentheses. See Supplementary Figs S6-7 for further characteristics of PAT-Seq peaks. 637 

  638 
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 639 

Fig. 4. A compendium of extant cardiomyocyte mRNA 3‟-ends. A) Left: Schematic showing classification 640 

of PAT-Seq mapped mRNA 3‟-ends based on 3‟UTR coordinates listed in Ensembl v77. 3‟UTR ends that 641 

fall within ±100nt of an annotated transcript end are considered “Annotated/known” ends (blue). All other 642 

3‟UTR ends are classified as either novel shorter (pink), novel intermediate (red), or novel longer (purple). 643 

Right: The proportion of known or novel 3‟UTRs in our data. B) Distribution of known and novel mRNA 644 

3‟UTRs by frequency of mapped 3‟UTRs per gene (pooled data from all eight samples). Results are shown 645 

for all protein-coding genes (left), and for a set of miR-208a-5p targe genes, as predicted by miRmap [33] 646 

(right; see Fig. 7 for details). C) Validation of a novel truncated 3‟UTR of serum response factor (SRF). The 647 

annotated full-length 3‟UTR is depicted on top in blue, with predicted miRNA target sites shown as aqua 648 

rectangles. PAT-Seq peak coverage is shown in the middle with change from genomically encoded sequence 649 

to poly(A) tail-indicated by shift from grey to red colour. Independent 3‟RACE-validation of both SRF 650 

mRNA 3‟-ends is shown below. Expanded sequence key: genomic sequence (blue), sequence identified by 651 

conventional sequencing (orange), canonical PAS (purple), non-canonical PAS (green). Predominant and 652 

minor cleavage sites based on PAT-Seq data are marked by red and grey triangles, respectively. See 653 

Supplementary Fig. S8 for 3‟RACE-validation of further known and novel mRNA 3‟-ends. 654 
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 655 

Fig. 5. TAC-induced changes in cardiomyocyte mRNA expression. Read counts from „downstream‟ PAT-656 

Seq peaks (see Fig. 3a) were combined to generate expression values for protein-coding genes. A) Heat map 657 

of differentially expressed genes between TAC and sham surgery at an FDR<5%. B&C) MA plots of all 658 

detected mRNAs comparing all sham samples against B) 2d and C) 7d TAC. X-axes show mean mRNA 659 

expression across samples; y-axes show fold change in expression between TAC and sham. Differentially 660 

expressed mRNAs with FDR<5% are shown in red. D) Enriched GO Biological Process terms for gene 661 

groupings identified in A). See Supplementary Figs S9-10 for further detail on differential expression 662 

detected by PAT-Seq. 663 
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 664 

Fig. 6. TAC-induced changes in mRNA 3‟-end preference. A) Boxplot displaying changes in the ratio of 665 

distal to proximal mRNA 3‟-end peak coverage between TAC and sham samples. For genes with more than 666 

two mapped 3‟-ends all possible pairwise comparison were considered (blue **** p<<0.0001). B) MA plot 667 

of data from panel A at (i) 2d and (ii) 7d TAC. X-axes show mean mRNA expression across samples; y-axes 668 

show fold change in expression between TAC and sham. Peak pairs exceeding statistical cut-offs are shown 669 

in colour (FDR<5%: red; FDR<10%: orange). C) Schematic of RT-qPCR strategy for validation of 3‟-end 670 

preference (top) and fold-change between TAC and sham samples for a selection of genes (bottom). Grey 671 
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bars: amplification using primers measuring combined abundance of mRNAs with both proximal and distal 672 

3‟-ends; Black: amplification using primers specific for the mRNA with distal 3‟-end (n=5 pairs, 673 

mean±SEM; blue *p<0.05, **p<0.01, ***p<0.001, two-tailed, two-sample Student‟s t-test comparing the 674 

distal+proximal 3‟UTR and the distal 3‟UTR only between TAC and sham). Genes are sorted from left to 675 

right by magnitude of 3‟-end shift measured by PAT-Seq at 2d. Shown underneath are the per-comparison 676 

fold changes (log2) in proximal and distal UTR expression between the conditions TAC and sham from the 677 

PAT-seq data; text colours indicate statistical significance level from PAT-seq data (FDR<5%: red; 678 

FDR<10%: orange). Full names for the thirteen investigated genes are as follows: ADP-Ribosylation Factor 679 

Guanine Nucleotide-Exchange Factor 2 (ARFGEF2), Leucine Rich Repeat Containing 58 (LRRC58), 680 

Protein Phosphatase, Mg2+/Mn2+ Dependent, 1K (PPM1K), Kruppel-Like Factor 4 (KLF4), Glycogen 681 

Synthase Kinase 3 Beta (GSK3B), Calcium/Calmodulin-Dependent Protein Kinase Kinase 2 (CAMKK2), 682 

Cyclin D2 (CCND2), Fas Associated Factor Family Member 2 (FAF2), Microtubule Associated Tumor 683 

Suppressor 1 (MTUS1), Eukaryotic Translation Termination Factor 1 (ETF1), U3 small nucleolar RNA-684 

associated protein 6 (UTP6), PDZ Domain Containing Ring Finger 3 (PDZRN3), CTS Telomere 685 

Maintenance Complex Component 1 (CTC1). D) Enriched gene sets (FDR<25%) in genes with more 686 

proximal 3‟UTRs during 2 or 7d TAC. Results are based on GSEA of the full list of protein-coding genes 687 

(2 CPM and 2 3‟UTRs) ranked based on the fold-change of the ratio of distal:proximal expression 688 

between TAC and sham. A schematic of the pairwise peak comparison strategy and further detail on shifts in 689 

3‟UTR preference are shown in Supplementary Fig. S11. 690 
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 692 

Fig. 7. Changes in miRNA targeting strength due to changes in mRNA 3‟-end preference. A) Heat maps 693 

showing the difference in weighted interaction scores for target genes of the ten most abundant 694 

cardiomyocyte miRNAs as well as miR-208a-5p at 2d (top) and 7d (bottom). Red reflects less repression by 695 

the miRNA during TAC; blue indicates more repression during TAC. B) Overall changes in miRNA 696 

targeting during TAC. Histogram shows the difference in the weighted 3‟UTR score between TAC and sham 697 

for the combined mRNA targets of the top 120 miRNAs expressed in the cardiomyocyte. Top: 2d, Bottom: 698 

7d (blue **** p<<0.0001, two-tailed, one-sample Student‟s t-test). 699 
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 701 

Fig. 8. Effect of mRNA 3‟-end preference on polysome association. Lysates of HL-1 murine cardiomyocytes 702 

were separated by sucrose density gradient ultracentrifugation. A) Upper panel: Representative absorbance  703 

profile with different ribosomal complexes marked above and fractions taken for RNA extraction below. 704 

Lower panel: Representative electrophoresis image showing the integrity of RNA isolated from gradient 705 

fractions. B-D) RT-qPCR analyses as in Fig. 6C to assess polysome association of different mRNA 3‟-end 706 

variants for B), Protein Kinase, AMP-Activated, Alpha 2 Catalytic Subunit (PRKAA2), C), GSK3b, and D), 707 

SRF. Panels i), transcript structures for each gene as annotated in Ensembl v.81. Panels ii), RT-qPCR 708 

analysis whole cell lysate RNA (n=5-7, mean±SEM; blue *p<0.05, **p<0.01, two-tailed, two sample 709 

Student‟s t-test); Panels iii), RT-qPCR analysis of RNA from gradient fractions (n=5, mean±SEM). RT-710 

qPCR values for gradient fractions were normalized to a Renilla Luciferase RNA spike-in to generate 711 

authentic gradient distribution profiles. Grey bars: amplification using primers measuring combined 712 

abundance of mRNAs with both proximal and distal 3‟-ends; Black: amplification using primers specific for 713 

the mRNA with distal 3‟-end.  714 
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