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ABSTRACT 18 

Ovine pulmonary adenocarcinoma (OPA) is an infectious neoplastic lung disease of sheep 19 

caused by jaagsiekte sheep retrovirus. OPA is an important veterinary problem and is also a 20 

valuable large animal model for human lung adenocarcinoma. JSRV infects type 2 alveolar 21 

epithelial cells in the lung and induces the growth of tumors, but little is known about the 22 

molecular events that lead to the activation of oncogenic pathways in infected cells. MicroRNAs 23 

(miRNAs) are small RNA molecules of approximately 22 nucleotides with important roles in 24 

regulating gene expression in eukaryotes and with well-established roles in cancer.  Here we 25 

used small-RNA sequencing to investigate the changes in miRNA expression that occur in 26 

JSRV-infected ovine lung. After filtering out low abundance miRNAs, we identified expression 27 

of 405 miRNAs, 32 of which were differentially expressed in JSRV-infected lung compared to 28 

mock-inoculated control lung. Highly upregulated miRNAs included miR-182, miR-183, miR-96 29 

and miR-135b, which have also been associated with oncogenic changes in human lung cancer. 30 

Network analysis of genes potentially targeted by the deregulated miRNAs identified their 31 

involvement in pathways known to be dysregulated in OPA. We found no evidence to support 32 

the existence of miRNAs encoded by JSRV. This study provides the first information on miRNA 33 

expression in OPA and identifies a number of targets for future studies into the role of these 34 

molecules in the pathogenesis of this unique veterinary model for human lung adenocarcinoma. 35 

 36 

IMPORTANCE 37 

Ovine pulmonary adenocarcinoma is a neoplastic lung disease of sheep caused by jaagsiekte 38 

sheep retrovirus (JSRV). OPA is a significant welfare and economic concern for sheep producers 39 

and is a valuable large animal model for human lung adenocarcinoma. MicroRNAs are small 40 
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RNA molecules of approximately 22 nucleotides with important functions in regulating gene 41 

expression in eukaryotes and with well-established roles in cancer.  In this study, we examined 42 

the changes in microRNA expression that occur in the lung in response to JSRV infection. We 43 

identified differential expression of a number of host-encoded microRNAs in infected tissue, 44 

including microRNAs with roles in human cancer. We found no evidence that JSRV encodes a 45 

microRNA.  This study provides new insights on the cellular response to JSRV infection in the 46 

ovine lung, which will inform future studies into the pathogenesis of OPA in sheep and its use as 47 

a model for human lung adenocarcinoma. 48 

 49 

  50 
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INTRODUCTION 51 

Ovine pulmonary adenocarcinoma (OPA) is a fatal neoplastic lung disease of sheep caused by 52 

jaagsiekte sheep retrovirus (JSRV) (1, 2). OPA is present in most sheep-rearing countries and 53 

results in significant economic losses for sheep producers. Sheep with clinically overt OPA 54 

appear thin, lose condition and are dyspnoeic when exercised. In addition, many affected sheep 55 

produce excess fluid which accumulates in the pulmonary airways and may be discharged from 56 

the nostrils when the head is lowered, a pathognomonic sign of the disease. OPA is a serious 57 

animal welfare issue. 58 

 59 

JSRV infection in sheep induces carcinogenesis of secretory epithelial cells in the distal lung, 60 

where proliferating type 2 alveolar epithelial cells (AEC2s) comprise the large majority of tumor 61 

cells (3-5). Lesions observed in lungs of clinical cases of OPA resemble those seen in human 62 

lepidic pulmonary adenocarcinoma, a rare form of lung cancer previously called 63 

bronchioloalveolar carcinoma (6-8). In both malignancies, tumors are typically multifocal and 64 

found in the peripheral lung. OPA has therefore been suggested as a suitable model to study 65 

early oncogenic events in human lung adenocarcinoma (8, 9).   66 

 67 

JSRV is unusual among oncogenic retroviruses in that its envelope (env) gene encodes a 68 

dominant oncoprotein that is capable of inducing lung tumors when expressed in sheep and mice 69 

(10-12). JSRV Env also induces features of cellular transformation when overexpressed in a 70 

variety of cell lines, including morphological changes and activation of protein tyrosine kinase 71 

signaling pathways such as PI3K-Akt and Raf-MEK-MAPK (13-16). These pathways are also 72 

found to be activated in OPA tumor cells in sheep (17-19) and in JSRV Env-transformed cells in 73 
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murine models (11, 20). These interesting biological features present OPA as a unique animal 74 

model for understanding molecular events in lung carcinogenesis. However, many aspects of the 75 

interactions between JSRV and ovine lung tissue have yet to be investigated.  76 

 77 

MicroRNAs (miRNAs) are short, non-coding RNAs of approximately 22 nucleotides that 78 

regulate gene expression post-transcriptionally (21). miRNAs were first described in the 79 

nematode Caenorhabditis elegans (22) and have since been discovered in organisms throughout 80 

the plant and animal kingdoms, in viruses and in green algae (23). Many miRNAs exhibit high 81 

sequence conservation in related species and some, such as let-7 (24), have homologs in distant 82 

species. Binding of miRNAs with their mRNA targets typically occurs by complementarity of 83 

the seed sequence (nucleotides 2-8 of the miRNA) to the 3′ - untranslated regions of genes (25). 84 

The targets of miRNAs may control various biological processes such as developmental timing, 85 

cell proliferation, cell death and tissue differentiation (26). Abnormal function of these processes 86 

leads to aberrant cell proliferation and many studies have investigated the potential roles of 87 

miRNAs in cancer (reviewed in (27, 28)). 88 

 89 

Several viruses encode miRNAs, including herpesviruses, retroviruses and polyomaviruses (29). 90 

Virus-encoded miRNAs have been shown to influence cellular pathways related to their 91 

replication and pathogenesis. For example, the deltaretrovirus bovine leukemia virus (BLV), 92 

encodes 10 mature miRNAs (30). One of these, BLV-miR-B4, has similarity with host miR-29, 93 

and is associated with B-cell proliferation and oncogenesis, suggesting that viral miRNAs may 94 

play an important role in BLV-mediated transformation. Other retroviruses have been shown to 95 

modulate expression of cellular miRNAs in ways that may also influence pathogenesis; for 96 
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example, mouse mammary tumor virus (MMTV) infection increases expression of members of 97 

the oncogenic cluster miR-17-92, which is known to be upregulated in a variety of human 98 

cancers, including mammary carcinomas (31). Similarly, human T-cell lymphotropic virus type 1 99 

(HTLV-1) infection upregulates miR-93 and miR-130b, which target the pro-apoptotic Tumor 100 

Protein 53-Induced Nuclear Protein 1) (32).  101 

 102 

Here, we used small RNA-sequencing to investigate miRNA expression in ovine lung tissue in 103 

the early stages of JSRV infection using an experimental lamb infection model. We identified 104 

differential expression of a number of miRNAs in infected lung tissue compared to lung tissue 105 

from mock-inoculated lambs. The differential expression of the majority of those miRNAs tested 106 

was confirmed by RT-qPCR in natural cases of OPA, suggesting an association between OPA 107 

and the upregulation of these miRNAs. We found no evidence to support the existence of 108 

miRNAs encoded by JSRV. Network analysis of the deregulated miRNAs identified their 109 

involvement in pathways previously identified as dysregulated in OPA (33). Collectively, this 110 

study provides new information on the host response to JSRV infection that may have relevance 111 

for understanding the pathogenesis of OPA and expands the limited knowledge of sheep 112 

miRNAs currently available. 113 

 114 

RESULTS 115 

Experimentally-induced cases of OPA were used for small RNA-Sequencing. 116 

In order to identify changes in miRNA expression in JSRV-infected lung tissue, we initially 117 

examined tissues from experimentally-infected specified pathogen-free (SPF) lambs and age-118 

matched mock-inoculated control lambs. The use of experimentally-infected SPF lambs 119 
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minimizes the effect of potentially confounding factors such as the presence of other infections 120 

or disease stage on miRNA expression. The experimental cases of OPA used have been 121 

described previously in studies examining JSRV target cells in the lung (4) and changes in 122 

mRNA transcription that occur following JSRV infection  (33). Briefly, four 6-day old SPF 123 

lambs were experimentally-infected with JSRV, whereas four age-matched control lambs 124 

received cell culture medium. Each infected lamb was euthanized when signs of respiratory 125 

distress appeared (66 to 85 days post-inoculation) along with an age and sex-matched control 126 

lamb. OPA tumor lesions were observed in hematoxylin and eosin-stained lung tissue sections 127 

from infected lambs, and this was confirmed by immunohistochemistry (IHC) for the JSRV Env 128 

surface (SU) protein (4, 33). Such lesions were not present in lung tissue from mock-inoculated 129 

lambs. As is typical for this experimental infection model, the lung tissue of JSRV-infected 130 

animals used for RNA extraction was heterogeneous and by histological appearance comprised 131 

up to 10% of OPA-affected tissue in a background of normal tissue (4, 33). 132 

 133 

Detection of differentially expressed miRNAs in JSRV-infected lung tissue.  134 

RNA was extracted from eight discrete sites of the lungs of each animal and pooled for library 135 

preparation and sequencing. Small RNA-Seq generated over 19 million reads per sample and, 136 

following adapter trimming, over 87% of reads from each sample passed the quality threshold 137 

(Table 1). Comparison of the distribution of sequence length of the small RNAs revealed a 138 

similar pattern between JSRV-infected and mock-inoculated samples (Fig. 1A). The observed 139 

distribution is comparable to that reported in other small RNA-sequencing studies (34-36).  The 140 

sequencing reads were then aligned to various categories of RNA (Fig. 1B).  Over 64% of the 141 

total reads from each lamb mapped to miRNAs from miRBase (23), with the majority of the 142 
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remainder mapping to other classes of RNA. Notably, a small proportion of reads (less than 143 

0.003% per sample) mapped to the JSRV genome, raising the possibility that JSRV might 144 

encode small RNAs.   145 

 146 

In total, 861 miRNAs were detected across all 8 lambs analyzed (Supplemental Data Set S1). We 147 

filtered out 456 miRNAs that were present at low abundance (mean normalized counts across 148 

samples lower than 50), as such reads are commonly thought to be unlikely to have biological 149 

significance. The remaining 405 miRNAs were used for further analysis. Of these, 318 miRNAs 150 

were not listed in the miRBase entry for Ovis aries, reflecting the relative paucity of coverage of 151 

sheep miRNAs in miRBase. Principal component analysis (PCA) was used to observe the 152 

variability among samples and to evaluate the clustering of samples as a first indication of 153 

differences between groups. JSRV-infected and mock-inoculated lambs clustered separately in 154 

the PCA plot (Fig. 2A) with greater variability within the JSRV-infected group. Notably, one 155 

JSRV-infected sample (Infected_F_85_days) was found to cluster more closely with the mock-156 

inoculated group, indicating that the global miRNA expression pattern of this sample was more 157 

similar to mock-inoculated lambs. This finding is consistent with our previous analysis of mRNA 158 

transcription of the same samples (33), which found a lower level of JSRV infection in this lamb 159 

compared to the other lambs in this group. 160 

 161 

Differential expression analysis was then performed to identify miRNAs with an altered 162 

expression pattern between JSRV-infected and mock-inoculated lambs. For this analysis we 163 

defined differentially expressed miRNAs to be those showing up- or down-regulation following 164 

JSRV infection with a false discovery rate (FDR) below 0.05, and a fold-change threshold 165 
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established at ≤ 0.75 for downregulated miRNAs and ≥ 1.5 for upregulated miRNAs. The 166 

decision to establish these fold changes as significant was based on the low percentage of tumor 167 

tissue present in the samples to ensure that potential differences were detected while 168 

acknowledging the potential for false positives. Using these thresholds, we identified 32 169 

miRNAs with significantly altered expression between JSRV-infected and mock-inoculated 170 

lambs (Fig. 2B; Table 2; Supplemental Data Set S1). Of these, 26 miRNAs were upregulated in 171 

JSRV-infected lambs and 6 were downregulated. As with the PCA, lamb Infected_F_85_days 172 

clustered more closely with the mock-inoculated lambs than with the other infected lambs, 173 

reflecting the lower level of infection in that animal. 174 

 175 

Validation of RNA-Seq results by RT-qPCR. 176 

Nine miRNAs were selected for validation of differential expression by RT-qPCR. Seven of 177 

these (miR-21-5p, miR-31, miR-96, miR-135b, miR-182, miR-183 and miR-205) were identified 178 

based on the following criteria: fold change >1.5, mean normalized counts >50, coefficient of 179 

variation within groups <50%, FDR<0.01 and a minimum of five independent studies previously 180 

reporting their dysregulation or involvement in human lung cancer. In addition, miR-200b-5p 181 

and miR-503-5p were included in the validation panel. Although these two miRNAs did not 182 

meet the criteria for selection (miR-200b-5p: fold change of 1.46, FDR of 0.016 and mean 183 

normalized counts 274.65; miR-503-5p: fold change of 1.56, FDR of 0.0008 and mean 184 

normalized counts 11.72), they were of interest due to their known involvement, with validated 185 

targets, in lung cancer (37-39). miR-191 was chosen as the endogenous control for RT-qPCR due 186 

to its high expression level and low variance among all samples (mean normalized counts >150; 187 

coefficient of variance < 20%) and the lack of any reported involvement in lung cancer or viral 188 
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infection. The stability of this miRNA was also validated by RT-qPCR and the results showed 189 

5.6% coefficient of variance among the eight tested samples (data not shown).  190 

 191 

Initially, we analyzed aliquots of the same RNA samples that had been used for small RNA 192 

sequencing. The results confirmed greater abundance of the nine selected miRNAs in the JSRV-193 

infected group compared to the mock-inoculated control group (Fig. 3A, B) (p< 0.05).  miR-183 194 

had the greatest difference in expression between the two groups as it was detected in infected 195 

but not in control samples. The RT-qPCR analysis identified high variability within each group 196 

of lambs consistent with the results of small RNA-Seq. 197 

 198 

The tissues analyzed in the experimentally-infected lambs represent an early stage of OPA in 199 

young animals. In other diseases, the pattern of miRNA expression is known to vary with disease 200 

and developmental stage (40-42). Therefore, we next measured the expression of the nine 201 

selected miRNAs in lung tissues from adult sheep, including 10 naturally infected OPA cases 202 

and 6 clinically healthy sheep (Fig. 3C, D). All of the miRNAs in this panel were detected in 203 

both groups, with the exception of miR-183, which was not detected in samples from the 204 

clinically healthy control group. In addition, all but one of the miRNAs tested (miR-31) were 205 

significantly upregulated (p < 0.05) in OPA-affected sheep compared to healthy sheep. These 206 

findings indicate that miRNAs identified as upregulated in experimental cases of OPA are also 207 

upregulated in natural cases of OPA, increasing confidence that they are involved in the 208 

pathogenesis of OPA. 209 

 210 

 211 
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JSRV does not encode a miRNA. 212 

Small RNA-sequencing reads were mapped to the genome of the JSRV isolate used in the 213 

experimental infections (JSRV21; GenBank Accession AF105220.1). The aligned reads were 214 

then visualized using Integrative Genomics viewer (IGV 2.3) in order to identify regions to 215 

which a disproportionately high number of reads aligned and that might therefore potentially 216 

encode viral miRNAs (Fig. 4).  217 

 218 

The most abundant read mapping to JSRV was CCCCACGUUGGGCGCCA, which was present in 219 

similar numbers in infected (166-329 counts) and uninfected (173-237 counts) animals.  This 220 

read maps to a site immediately downstream of the JSRV 5′-LTR that is the binding site for a 221 

tRNALys-1,2 molecule that is used to prime reverse transcription (43, 44). Interestingly, this short 222 

RNA molecule represents the 3′-terminal 17 nt of the mature tRNALys-1,2, suggesting that it is a 223 

tRNA fragment (tRF). Recent studies have shown that tRFs are generated by specific cleavage 224 

from mature tRNAs and they may have several roles in regulating cellular gene expression (45). 225 

 226 

Apart from the peak of reads representing the tRNALys-1,2 3′-tRF, there were only 1-5 additional 227 

reads scattered across the genome in mock-inoculated animals. It appears likely that these 228 

originate from endogenous retroviruses related to JSRV (enJSRV), which are abundant in the 229 

sheep genome and transcribed in many tissues (46). These reads appear to map to JSRV in 230 

regions of high sequence similarity to enJSRV. In contrast, in JSRV-infected animals, reads were 231 

identified that mapped to several regions of the genome but in most cases at low coverage (Fig. 232 

4). However, one exception to this was a region around nt 6400 of the JSRV genome, which 233 

accumulated 9-16% of the reads mapping to JSRV (10-49 reads per sample). The greater number 234 
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of reads mapping to this region of the JSRV genome was not observed in mock-inoculated 235 

lambs, confirming that these reads were specific for JSRV-infected animals. The region around 236 

nt 6400 of the JSRV genome is part of the env gene, which is known to contain splice donor and 237 

acceptor sites for the expression of spliced transcripts (47). Potential structural and sequence 238 

features that could explain the higher number of reads in this area were investigated; however, no 239 

splice acceptors or other motifs were identified that could explain the greater abundance of reads 240 

mapping to this region. 241 

 242 

The sequence surrounding nt 6400 of the JSRV genome was then evaluated for evidence that it 243 

might encode a miRNA. RNA folding prediction using RNAfold (48) identified the presence of a 244 

stem-loop structure of 54 nt in this region (Fig. 5A). Although pre-miRNA stem-loops are 245 

usually longer (~ 70 nt), some retroviral miRNAs with shorter stem-loops have been reported 246 

(49). Nevertheless, by examining the stem-loop it can be observed that the potential miRNA 247 

sequence (UCAUACCAGGCUUCAGCUAUU) is not encoded entirely within the stem of the 248 

stem-loop structure, which is a requirement for DICER processing of miRNAs. This suggests 249 

that these reads are not derived from a genuine JSRV miRNA. To examine this potential miRNA 250 

experimentally, northern blotting was performed on RNA extracted from lung tissue samples 251 

from field cases of OPA-affected and clinically healthy sheep, and RNA from 293T cells 252 

transfected with plasmids that encode JSRV (pCMV2JS21 and pJSRV21 (43)) (Fig. 5).  253 

Hybridization was performed with three labeled probes: two to detect the -5p and -3p versions of 254 

the putative miRNA, and one to detect miR-191, which was used as a positive control.  255 

 256 
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The northern blot analysis revealed a band approximately 20 nt in size that hybridized with the 257 

labelled miR-191 probe (Fig. 5B), confirming successful detection of miR-191 and the integrity 258 

of the samples. In addition to the 20 nt band, a band of ~ 70 nt in size was also detected in all 259 

samples. This band was observed more clearly after extended exposure of the blot (4-days) and 260 

may represent the pre-miRNA mir-191. In contrast, no bands of the expected miRNA size (21 nt) 261 

were observed when RNA samples were hybridized with probes for the -5p and -3p versions of 262 

the putative JSRV miRNA (Fig. 5B). Hybridization was performed with both -5p and -3p probes 263 

because detection of both forms of a miRNA would increase confidence in its existence. Both the 264 

-5p and -3p probes hybridized with a band at the top of lanes containing lung RNA from OPA-265 

affected and control sheep, indicating that this sequence was not specific to JSRV-infected 266 

tissue. Given that the band was also not present in 293T samples, it is possible that the primer 267 

could also be binding to enJSRV sequences. Indeed, a BLASTN search found 18/21 nt identity 268 

between the probe and some enJSRV proviruses encoded in the sheep genome. Overall, the 269 

result of the northern blotting analysis did not provide any evidence to support the hypothesis 270 

that the sequencing reads mapping to the JSRV genome around nt 6400 are miRNAs. The 271 

potential origin of these sequencing reads and the reason for their apparent increased abundance 272 

remains unknown but may reflect an unidentified genomic feature of JSRV.  273 

 274 

Prediction and functional enrichment analysis of miRNA target genes. 275 

The small RNA-Seq analysis was performed on the same tissues used previously for mRNA 276 

transcriptome analysis (33) and we therefore sought to perform an integrated analysis of the two 277 

datasets.  In order to identify potential target sites, we first attempted to extract the sequences of 278 

3′- untranslated regions of ovine genes from Ensembl. However, only approximately 5500 genes 279 
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were annotated, which is not sufficient for a robust analysis. As an alternative, we used Ingenuity 280 

Pathway Analysis (IPA) software for target gene prediction and functional analysis. IPA 281 

identified that there was targeting information available for 30 of the 32 differentially expressed 282 

miRNAs (the exceptions were miR-3601 and miR-146b-3p). IPA reported 667 mRNAs related 283 

to 267 pathways as targeted by the differentially expressed miRNAs. The results, presented in 284 

Supplemental Data Set S2, indicate those mRNA targets that have been experimentally validated 285 

and those which are predicted with high or moderate confidence. The main diseases and 286 

biofunctions related to these target genes are shown in Fig. 6, which indicates significant 287 

enrichment of cancer-related pathways. 288 

 289 

DISCUSSION 290 

OPA is an important disease of sheep and a unique naturally-occurring model for human lung 291 

carcinogenesis. The involvement of miRNAs in cancer led us to investigate miRNA expression 292 

in OPA. We identified many miRNAs previously unidentified in sheep and 32 miRNAs that 293 

were differentially present in lung tissue from OPA-affected sheep compared to healthy sheep 294 

lung. In addition, our analysis found no evidence to support the existence of miRNAs encoded 295 

by JSRV.  296 

 297 

405 miRNAs (with mean normalized abundance >50) were found to map to miRNAs in 298 

miRBase, of which 87 had been previously reported in sheep and 318 had been reported in other 299 

species (cattle, human and goat). There are relatively few annotated miRNAs in sheep due to the 300 

limited number of studies that have been performed to date. A study on miRNAs in ovine 301 

lentivirus infection (50) also used the approach of mapping RNA sequencing reads to miRBase 302 
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and also found that most miRNAs mapped to miRNAs of related species, highlighting the known 303 

sequence conservation of miRNAs.   304 

 305 

We filtered out miRNAs with a mean number of normalized counts (across all samples) lower 306 

than 50, in common with convention, because miRNAs with low counts are unlikely to have 307 

biological relevance and tend not to be validated in further RNA-Seq experiments or by RT-308 

qPCR. Of the miRNAs filtered out in this way, when expression is compared between infected 309 

and control lambs only 9 had a Padj<0.05. Interestingly, most of these are related to other 310 

miRNAs we found to be differentially expressed. For example, miR-135a is related to miR-135b, 311 

miR-212 is from the same cluster as miR-132, miR-183-3p is the other arm of miR-183-5p, and 312 

miR-106a is from the miR-17 family. In addition, one low-abundance miRNA (miR-503-5p, 313 

mean abundance 11.72) was validated as upregulated in OPA by RT-qPCR.  314 

 315 

Similarly, a small proportion of the sequencing reads (between 2 - 5%) did not map to annotated 316 

miRNAs or other classes of RNA. While it is possible that some of these unidentified reads may 317 

represent novel miRNAs, previous studies have suggested that such reads are typically of low 318 

abundance and that their detection in all samples is difficult (51-53). For that reason, we did not 319 

investigate those reads further. 320 

 321 

Differential expression analysis of lung tissue samples successfully detected 32 differentially 322 

expressed miRNAs in JSRV-infected lambs compared to mock-inoculated controls. Of those 323 

miRNAs, only six were found to be downregulated with the remainder being upregulated in 324 

infected animals. While studies on miRNA dysregulation in cancer typically report a global 325 
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downregulation of miRNAs in diseased tissue (54), the small number of specific downregulated 326 

miRNAs found here is most likely explained by the nature of the tissue samples used. Lung 327 

tissue samples from JSRV-infected lambs comprise small foci of tumor cells with the majority of 328 

the sample tissue, as much as 90%, being histologically normal. The high proportion of 329 

histologically normal tissue might therefore dilute the signal from downregulated miRNAs, 330 

rendering them undetectable in our analysis (55, 56). Such samples therefore also have greater 331 

sensitivity to detect upregulated miRNAs than downregulated miRNAs. 332 

 333 

The heterogeneous nature of the tissue used for small RNA-Seq might also underlie some of the 334 

variability in miRNA expression in the JSRV-infected samples, as not all tissue samples will 335 

have the same proportion of tumor cells. Furthermore, in addition to tumor cells, lung tissue has 336 

many cell types, each of which might change in relative abundance within the affected tissue, 337 

and each of which might change their expression phenotype in the presence of JSRV-infected 338 

cells. Despite these complexities, the whole tissue approach provides a snapshot of global 339 

changes in miRNA expression in OPA-affected lung, and provides a starting point for the 340 

identification of cell type-specific changes using enriched or purified cell populations. 341 

 342 

The target genes of the differentially expressed miRNAs have not been investigated in sheep, but 343 

some potential targets have been identified in humans. It may be difficult to extrapolate between 344 

human and sheep studies due to differences in gene sequences and in regulatory networks 345 

between the two species; however, given the transcriptional similarities between OPA and 346 

human non-small cell lung cancer (NSCLC) (33), comparison with human cancer studies can 347 

give clues to the roles of specific miRNAs. For example, miR-183, miR-182 and miR-96 were 348 
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the most upregulated miRNAs in JSRV-infected lung tissue. In humans, these three miRNAs 349 

form a cluster, encoded on chromosome 7. In normal tissues, miR-183-182-96 cluster members 350 

have well-established roles in the development of sensory organs including the eye and ear (57, 351 

58) and typically show low expression levels in other healthy tissues. However, these miRNAs 352 

consistently show increased expression in cancer and they are regarded as oncomiRs that are 353 

positively associated with cancer progression in a number of cancer types (59, 60). In human 354 

NSCLC, miR-183 has been reported to act to both promote and to restrict tumorigenesis (60-63). 355 

 356 

In contrast to the established role of the miR-183-182-96 cluster in cancer, few studies have 357 

demonstrated its activation during infection, although roles have been reported in clonal 358 

expansion of helper T lymphocytes (64), suppression of natural killer cell function (65) and 359 

positive regulation of interferon responses (66). Notably, miR-183 is upregulated in tumors 360 

generated by infection with MMTV, another member of the betaretrovirus genus (31). Whether 361 

this is a result of the transformation process or the response to infection is unclear.  362 

 363 

The miRNAs upregulated in OPA have targets in oncogenic pathways known to be activated in 364 

OPA. For example, the JSRV Env protein activates the PI3K-Akt-mTor signaling pathway (11, 365 

13, 18, 67, 68) and miR-21 (69, 70), miR-183 (60) and miR-205 (71-73) all target PTEN and/or 366 

PPP2CB phosphatases, which negatively regulate this pathway. In addition, miR-31 targets 367 

RASA1 and SPRED1 in the MAPK pathway (74). Finally, miR-135b is known to regulate several 368 

factors involved in Hippo pathway signaling, including LATS2, NDR2, MOB1b and β-TrCP 369 

(75). Hippo signaling is crucial for alveolargenesis and dysregulation of this pathway has been 370 

described previously in OPA (33) and in human NSCLC (76). Collectively, the miRNAs found 371 
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to be most differentially expressed in OPA are consistent with those that would be predicted 372 

based on previous work on human cancer and in murine models. 373 

 374 

The enrichment analysis of the predicted target genes of the differentially expressed miRNAs 375 

was performed using IPA. This analysis revealed cancer-related functions to be highly enriched 376 

in the miRNA:mRNA data sets (Fig. 6; Supplemental Data S2). The IPA miRNA target gene 377 

analysis uses information from predicted targets of mammalian miRNAs, based on the 378 

observation that the majority of mammalian mRNAs are conserved targets of miRNAs (77-79). 379 

A similar analysis was reported previously with a dataset from cattle (80).  Indeed, the 380 

evolvability of microRNA target sites among mammals (i.e., the ‘proportion of evolutionarily 381 

changeable targets’) is estimated to be as low as 20% (79). However, as miRNA target sites are 382 

relatively uncharacterized in sheep, despite these results being consistent with previous studies 383 

on human lung cancer and OPA, further experimental validation is required to confirm the 384 

interactions. 385 

 386 

Previous studies have identified miRNAs in other retroviruses, including BLV, HIV-1 and 387 

bovine and simian spumaretroviruses (30, 49, 81, 82). The small RNA-Seq data obtained in this 388 

study indicated increased abundance of reads mapping to a short region within the JSRV env 389 

gene, suggesting the possibility that JSRV might encode a miRNA. However, this was not 390 

supported by experimental analysis of sheep tissue or cell culture samples (Fig. 5), and we 391 

conclude that JSRV does not, in fact, encode a miRNA. This is consistent with small RNA-Seq 392 

studies of other betaretroviruses, including MMTV (31) and enzootic nasal tumor virus (83) and 393 

a bioinformatics screen of all retroviral genome sequences (30). 394 
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 395 

Although our primary focus in this study was to characterize miRNA expression in OPA, we also 396 

identified the presence of a 3′ -tRF derived from tRNALys-1,2 in sheep lung samples due to the 397 

presence of the complementary sequence in the primer binding site (PBS) region of the JSRV 398 

genome (43). A similar finding has been reported in an MMTV-infected mammary cell line (31). 399 

The potential for 3′ -tRFs to bind retroviral and retrotransposon genomes at the PBS is well 400 

established; for example, tRFs are able to repress expression of retrotransposons with a cognate 401 

PBS in preimplantation stem cells (84). It can be speculated that the tRF of tRNALys-1,2 could 402 

perhaps inhibit the replication of JSRV; for example, by competing for binding of the PBS with 403 

the mature full length tRNA. Similarly, this tRF might act to inhibit retrotransposition of 404 

enJSRV. However, it is unclear whether the tRF is sufficiently abundant in infected cells to exert 405 

such an effect. Further studies are necessary to directly address these questions. Notably, this tRF 406 

was present at a similar abundance in lung tissue from mock-inoculated and JSRV-infected 407 

lambs, suggesting that its generation was not stimulated by JSRV infection. 408 

  409 

In summary, this study is the first to examine miRNA expression in OPA and has identified the 410 

differential expression of several miRNAs in affected lung tissue. These findings are a first step 411 

towards understanding the role of miRNAs and their predicted gene targets in OPA, which could 412 

be potentially exploited as biomarkers of the disease or as a tool to investigate the transformation 413 

process. In addition, this study contributes towards further characterization of host gene 414 

expression in OPA, which could aid the exploration of OPA as a human lung cancer model.  415 

 416 

 417 
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MATERIALS AND METHODS 418 

In vivo studies.  419 

Samples used for RNA-Seq were available from a previous study in which SPF lambs were 420 

either experimentally-infected with JSRV21 (n=4) or mock-inoculated with culture supernatant 421 

(n=4) by intra-tracheal injection as described previously (4, 33). Lambs were born and housed 422 

under SPF conditions and were killed humanely by intravenous injection of sodium pentobarbital 423 

at the first clinical signs of respiratory distress. Age-matched controls were killed humanely at 424 

the same time. Post-mortem, tissue sections were collected from 24 different locations in the 425 

lungs, snap frozen in liquid nitrogen and stored at -80C until analysis. Clinically healthy female 426 

adult sheep (n=6) and female OPA-affected adult sheep (n=10) were donated from local farms. 427 

Tissues from the lungs were collected at necropsy and stored at -80C in the same way as 428 

samples from experimental cases. All procedures involving animals were performed with 429 

approval from the Moredun Research Institute Animal Welfare and Ethical Review Body and in 430 

conformance with the UK Animals (Scientific Procedures) Act 1986. 431 

 432 

RNA extraction. Lung tissue samples collected post-mortem and stored at -80C were used to 433 

obtain RNA. From each experimental case, tissue sections from 8 different locations in the lungs 434 

were cut using a cryostat to represent the global state of the lung. Three 15 µm cryosections from 435 

each lung sample were collected in FastPrep lysing matrix D tubes (MP Biomedicals) and 436 

homogenized with a Precellys Evolution Tissue Homogenizer. RNA extraction was performed 437 

using the RNeasy Plus Micro procedure (Qiagen), according to the manufacturer’s protocol for 438 

isolation of total RNA including small RNAs. Samples derived from the same animal were 439 

pooled together and used for small-RNA sequencing. The quality and integrity of RNA samples 440 
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was assessed using Nanodrop ONE and Agilent Bioanalyser (Agilent 2100) and only samples 441 

with RIN > 6.0, and 260/280 ratio > 1.9 were submitted for small-RNA sequencing. 442 

 443 

RNA sequencing and bioinformatics analysis. 444 

RNA-Seq was performed by Edinburgh Genomics (https://genomics.ed.ac.uk/). Library 445 

preparation was performed using a TruSeq Small RNA Sample Preparation kit (11 PCR cycles) 446 

and size selection of libraries was performed using Blue Pippin (Sage Science) selecting 447 

products of 120-163 bp.  Libraries were quality checked by HS Qubit (Thermo) and Bioanalyzer 448 

(Agilent), before sequencing in a single lane of an Illumina Hiseq2500 (v4 High Output, 50-base 449 

single-end sequencing).  450 

 451 

The quality of raw sequencing data was assessed, low quality reads were removed (Phred score < 452 

28) and adapters were trimmed using Cutadapt (85). To select the optimum miRNA size, 453 

trimmed reads longer than 28 nt and shorter than 17 nt were filtered out. The selected reads were 454 

then mapped to ovine, bovine, human and caprine miRNA sequences of miRBase v.22.1 (23) 455 

using NovoAlign (Novocraft Technologies) with parameters: -m, -s 1, -t 30, -h 60.  miRBase 456 

miRNA entries with identical sequences  but different species of origin were grouped together in 457 

a single entry and the species prefix removed. In some instances, reads mapped to homolog 458 

miRNAs from different species which did not have an identical sequence. This mapping to 459 

highly similar but non-identical sequences is due to the presence of isomiRs, which are miRNA 460 

isoforms that originate from the same miRNA gene (21). In those instances, reads were not 461 

merged into a single entry. miRNA nomenclature was maintained so that it would reflect the 462 
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miRBase entry name without the species prefix. The -3p and -5p suffixes were kept where 463 

present.   464 

 465 

Bam files were then analyzed, and raw reads were normalized in MATLAB (MathWorks) based 466 

on size factors. This normalization approach consists of considering a size factor for each library 467 

to compute the effective library size. The size factors are calculated by taking the median of the 468 

ratios of observed counts to those of a reference sample, whose counts are determined by 469 

calculating the mean of each gene across all samples (86). By dividing the counts of each library 470 

by the corresponding size factors, all counts are in the same scale, making them comparable. A 471 

threshold was then established to remove reads with low numbers of normalized counts from the 472 

differential expression analysis. An average of 50 normalized counts across samples was 473 

established as a cut-off, based on published literature (87-90).  474 

 475 

Differential expression analysis and statistics were also performed in MATLAB using the 476 

negative binomial model (nbintest) with the ‘Constant’ option. A threshold FDR < 0.05 was 477 

established as statistically significant. Data used for PCA plots consisted of normalized counts of 478 

all miRNAs above the established threshold of an average of 50 normalized counts. PCA plots 479 

were created using RStudio, using the pam function of ggplot2 (ggfortify) (91).  Data used for 480 

heatmaps consisted of the differentially expressed miRNAs. Heatmaps were created using 481 

RStudio, using the pheatmap function. Default options of the pheatmap function were used, with 482 

the following exceptions: scale was set to “row”, column clustering distance was "correlation", 483 

row clustering distance was “Euclidean”, clustering method was “average”. 484 

 485 
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Reads were also mapped to JSRV21 (GenBank accession AF105220.1) and enJSRV 486 

(EF680301.1). Reads were counted using a custom-made Perl Script that allowed only 1 487 

mismatch. Alignments were visualized using Integrative Genomics Viewer (Broad Institute; 488 

https://software.broadinstitute.org/software/igv/).  489 

 490 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) for detection of 491 

miRNAs. 492 

The expression of miRNAs was assessed using RT-qPCR with the TaqMan Advanced miRNA 493 

cDNA Synthesis Kit (Applied Biosystems) in conjunction with Taqman Advanced miRNA 494 

assays (Applied Biosystems, assays: hsa-miR-135b-5p, hsa-miR-182-5p, hsa-miR-183-5p, hsa-495 

miR-200b-5p, hsa-miR-205-5p, rno-miR-21-5p, hsa-miR-31-5p, mmu-miR-503-5p, hsa-miR-96-496 

5p, hsa-miR-191-5p). 10 ng of RNA were used per reaction. In brief, the protocol requires a 497 

poly-A tailing reaction and a ligation reaction to be performed before reverse transcription, 498 

allowing universal primers to be used in the reverse transcription reaction. A universal 499 

amplification reaction followed the reverse transcription, which increased the starting cDNA 500 

input for qPCR. All these reactions were performed according to manufacturer’s instructions 501 

using a Biometra T-one thermocycler (Analytik Jena). Quantitative PCRs (qPCRs) were 502 

performed using the Taqman universal PCR mastermix (Applied Biosystems) as instructed in the 503 

manufacturer’s protocol and each of the sample-target combinations were assayed in duplicate. 504 

qPCR reactions were run in the ABI 7500 Real time PCR system (Applied Biosystems) with 505 

cycling conditions: 2 minutes at 50C, 10 minutes at 95C, and 40 cycles at 95C for 15 seconds 506 

followed by 1 minute at 60C. 507 

 508 
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Validation of RT-qPCR parameters. 509 

Efficiency (E) of qPCR was assessed by making six serial 5-fold dilutions of the template in 510 

molecular grade water and performing the qPCR reaction in duplicate for each dilution.  511 

Efficiency was then calculated by plotting the Ct values of each reaction against the logarithm of 512 

the template concentration and fitting a line through the points in the plot. The slope of the fitted 513 

line was used to calculate the efficiency percentage using the following equation: E = (10(-514 

1/slope))-1. The calculated efficiencies ranged from 92.35% to 107.71%.  515 

 516 

RNA-structure analysis. 517 

Prediction of the stem-loop structure in the putative miRNA encoded in the region of nt 6400 of 518 

the JSRV genome was performed using RNAfold (48) (http://rna.tbi.univie.ac.at/cgi-519 

bin/RNAWebSuite/RNAfold.cgi). 520 

 521 

Northern blotting. 522 

RNA samples for northern blotting were concentrated by ethanol precipitation to achieve 523 

concentrations greater than 800 ng/µl. Northern blotting was performed as previously described 524 

(92). Briefly, electrophoresis was performed with a 15% acrylamide gel and gels were stained 525 

with ethidium bromide and analyzed under ultraviolet light to visualize tRNAs and assess sample 526 

degradation. RNA was transferred to Amersham Hybond-N+ membranes (GE Healthcare) with a 527 

mini-Protean blotting system (Biorad) in 0.5× Tris Borate buffer for 45 minutes at 30 V, 528 

followed by 15 minutes at 35 V and 15 minutes at 40 V. The marker bands corresponding to 70 529 

nt (tRNAs), 30 nt (band produced by xylene cyanol) and 10 nt (band produced by bromophenol 530 

blue) were marked with pencil in the membranes as size indicators. Crosslinking of the RNA to 531 
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the membranes was performed with a UV Stratalinker 1800 (Stratagene) at 1200 μJ/m2. 532 

Membranes were left to dry overnight at room temperature.   533 

 534 

[γ-32P]dATP-radiolabeled oligonucleotide probes were prepared by mixing 1 µl of 10 pmol 535 

oligonucleotide, 1 µl 10× T4 polynucleotide kinase (PNK) buffer (NEB), 6 µl of water, 1 µl T4 536 

PNK (NEB) and 1 µl ATP [γ-32P] 250 µCi (Perkin Elmer) and incubating at 37C for 1 h.  The 537 

probes used were: JS-5p candidate JSRV miRNA TCATACCAGGCTTCAGCTATT, JS-3p 538 

candidate JSRV miRNA AATAATTCTAAAGCAGTTTCA, and miR-191/oar-miR-191/hsa-539 

miR191 AGCTGCTTTTGGGATTCCGTTG. The labelled probes were then diluted in 40 µl of 540 

water and separated from free [γ-32P]dATP by gel filtration (Illustra Microspin columns; GE 541 

Healthcare). Dried membranes were pre-hybridized in 8 ml of pre-warmed ExpressHyb buffer 542 

(Clontech) for 1 h at 55C before adding filtered 32P-labeled probes and incubating at 38.5C 543 

overnight (Biometra OV5; Analytik Jena). The membranes were then washed with 40 ml pre-544 

warmed washing buffer (2 × SSC (20 × SSC stock: 175.3 g/l sodium chloride and 88.2 g/l 545 

sodium citrate in water), 0.1% SDS (Sigma Aldrich) in water). Four washes were performed (20 546 

mins each; 38.5C) after which membranes were put in contact with filter paper, pre-soaked in 2 547 

× SSC, and heat-sealed in Seal-o-meal. Labelled bands were then exposed to Biomax MR film 548 

(Carestream) inside a Biomax MS screen (Carestream) at -80°C for four days. The film was 549 

developed with an SRX-101A film processor (Konica Minolta). 550 

 551 

Analysis of differentially expressed miRNA and mRNA targets and functional assessment. 552 

The miRNA target genes were obtained using the MicroRNA Target Filter tool of Qiagen’s 553 

Ingenuity Pathway Analysis (IPA), as described previously (80, 93). The analysis is based on 554 
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four target prediction databases TargetScan, miRecords, Ingenuity Expert Findings and TarBase. 555 

Only the target genes that were present in the differentially expressed dataset published 556 

previously (33) were included in the analysis. Both mRNA-Seq and miRNA-Seq data derive 557 

from the same tissue samples. A threshold was applied such that only negatively correlated 558 

miRNA:mRNA pairs were included in the analysis. The functional enrichment of miRNA - 559 

mRNA target was also performed using IPA software to identify enriched canonical pathways 560 

and biological processes related to this dataset.  561 

 562 

Data availability 563 

The raw RNA-Seq reads (fastq data) of each sample are present in the European Nucleotide 564 

Archive with the accession number PRJEB47862. 565 
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FIGURE LEGENDS 840 

 841 

Figure 1. Statistics of small RNA sequencing.  842 

A, Read length distribution after quality trimming. The area with highest read abundance 843 

corresponds to RNAs with typical miRNA length (21 - 23 nt).  B, Percentage of reads in each 844 

sample mapping to various RNA categories: snRNA, small nuclear RNA; Mt_rRNA, 845 

mitochondrial ribosomal RNA; snoRNA, small nucleolar RNA, Mt_tRNA, mitochondrial 846 

transfer RNA; rRNA, ribosomal RNA; misc_RNA, miscellaneous RNA; lincRNA, long 847 

intergenic non-coding RNA; JSRV, exogenous JSRV viral genome; DNA, sheep genome; 848 

Unmapped, reads not mapping to any of the previous categories. No statistically significant 849 

differences were observed between groups (t-test p<0.05).  850 

 851 

Figure 2.  Differential expression of miRNAs in JSRV-infected compared to mock-852 

inoculated lambs.  853 

A, Principal component analysis of miRNA expression in lung tissue (JSRV-infected lambs 854 

(n=4), mock-inoculated lambs (n=4)). Greater distance between samples in the plot indicates 855 

distinct expression patterns. Mock-inoculated samples formed a cluster towards the left of the 856 

plot, JSRV-infected samples covered a larger distance in both the x (PC1) and y axes (PC2). 857 

Sample Infected_F_85_days of the JSRV-infected group was closest to the mock-infected group 858 

in both PC1 and PC2, reflecting the lower level of infection in this lamb (33). The PCA plot 859 

indicates greater variability between JSRV-infected samples than among the mock-infected 860 

group and suggests global expression differences between the two groups.  B, Heatmap of 861 

differentially expressed miRNAs (FDR<0.05, log2(fold change) ≥ 0.58 or ≤ -0.42) between lung 862 
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tissue of JSRV-infected and mock-inoculated lambs. Dendrogram shows correlation clustering of 863 

individuals in groups. Legend represents values of log2 fold change. 864 

 865 

Figure 3.  RT-qPCR analysis of miRNA expression in lung tissue of JSRV-infected and 866 

uninfected sheep.   867 

The expression of selected miRNAs was measured by RT-qPCR in lung tissue from JSRV-868 

infected lambs (n=4) and mock-inoculated controls (n=4) (A, B), and in adult sheep with 869 

naturally acquired OPA (n=10) and clinically healthy control sheep (n=6) (C, D). A and C, 870 

Relative miRNA expression presented as -dCt (-Ct miR + Ct miR-191) of each individual 871 

sample per each miRNA assayed. Boxes display standard deviations of the mean, represented 872 

with a horizontal line.  B and D, log2 fold-change between groups for each assayed miRNA, 873 

calculated following the ddCt method (94) and using miR-191 as an endogenous control. Error 874 

bars indicate standard deviation of miRNA expression within groups.  875 

 876 

Figure 4. Small RNA-sequencing reads from JSRV-infected and uninfected lung tissue 877 

aligning to the JSRV genome sequence.  878 

The location of reads mapping to the JSRV genome in JSRV-infected (upper 4 panels) and 879 

mock-inoculated (lower 4 panels) sheep are shown. The orange arrow indicates the region 880 

around nucleotide 6396-6450 where a peak of reads was observed in JSRV-infected animals (see 881 

main text and Figure 5). The blue arrow indicates the mapping location of the tRNALys1,2 3′-tRF 882 

molecule. 883 

 884 

 885 
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Figure 5.  Evaluation of a potential miRNA encoded in the env region of the JSRV genome.   886 

A, Secondary structure prediction of the region of the JSRV21 genome (nucleotides 6396 – 6451) 887 

that encompasses the putative small RNA detected by small RNA sequencing. Colour legend 888 

shows the base-pair probabilities. The prediction was created with RNAfold (48).  B, Northern 889 

blot analysis to detect the candidate JSRV miRNA. RNA from ovine lung tissue and transfected 890 

293T cells was hybridized with probes for 5p and 3p arms of the putative JSRV miRNA and for 891 

cellular miR-191, as indicated. Samples 172 and 173 are control lung tissue from healthy sheep; 892 

samples JA875, JA876 and JA898 are OPA-affected lung tissue (from 3 independent field 893 

cases); pCMV2JS21 transfected 293T cells, pJSRV21 transfected 293T cells, pEGFP-Flag control 894 

transfected 293T cells. Upper panels show 24 hours exposure, lower panels show 4 day 895 

exposure. miR-191 was used as endogenous positive control.  896 

 897 

Figure 6. Diseases and Biofunctions associated with differentially expressed predicted 898 

target genes. 899 

The differentially expressed miRNAs were analyzed with Ingenuity Pathway Analysis software 900 

to identify potential target genes in the previously published dataset of genes differentially 901 

expressed in OPA (33).  The figure shows the diseases and biofunctions associated with genes 902 

predicted to be targeted by miRNAs differentially expressed in JSRV-infected sheep lung, 903 

plotted by relative statistical significance. Significance values were calculated based on a right-904 

tailed Fisher’s exact test, and the log(P value) is displayed on the horizontal axis of the bar chart. 905 

The taller the bar, the more significant the pathway effect. 906 

 907 

 908 
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 909 
 910 

Table 1. Read mapping statistics.  911 
 912 

 913 

 914 

a The lamb identifiers indicate the infection status, sex (male [M] or female [F]) and number of 915 

days post-inoculation when culled. 916 

 917 

 918 

 919 

 920 

  921 

Lamb a Total No.  
of reads 

No. of reads post 
quality trimming 

(%) 

% total reads  
mapping to  
miRBase 

% total reads 
mapping to JSRV 

genome 

Infected_M_66days 23042889 18542545 (87.0) 68.77 0.0022 
Infected_F_85days 19063580 15645204 (88.9) 72.68 0.0012 
Infected_M_71days 29347531 23478540 (88.4) 64.66 0.0028 
Infected_M_85days 23400784 19495005 (93.2) 64.86 0.0016 
Control_M_66days 20380787 16831901(88.3) 69.18 0.0011 
Control_M_85days 23674153 19258905 (90.6) 68.43 0.0008 
Control_M_71days 25491448 20009358 (88.1) 69.58 0.0010 
Control_F_85days 23304071 20497050 (92.0) 79.10 0.0008 
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Table 2.  Differentially expressed miRNAs in JSRV-infected and mock-inoculated lung 922 
tissue. 923 

miRNA Average counts1 log2(fold change)2 FDR3 

miR-1824 20880.16 3.20 0 

miR-183 4 7512.52 3.03 4.28E-84 

miR-964 343.43 3.15 5.94E-69 

miR-135b 4 70.94 4.82 1.28E-61 

miR-205 4 4802.59 1.29 1.01E-14 

miR-132 118.12 1.40 2.09E-11 

miR-450b 4841.10 1.04 1.25E-08 

miR-424-3p 188.42 1.07 4.56E-07 

miR-193b 1564.57 0.92 5.68E-07 

miR-130b-5p 130.98 1.13 7.09E-07 

miR-215 105.36 1.08 1.66E-06 

miR-314 252.35 0.91 2.06E-05 

miR-424-5p 1250.31 0.87 2.15E-05 

miR-21-5p4 28385.89 0.75 5.08E-05 

miR-1247-5p 161.02 0.75 1.53E-04 

miR-450a 1564.13 0.79 1.66E-04 

miR-203b-5p 146.58 0.86 4.95E-04 

miR-3601 141.28 0.82 6.74E-04 

miR-210 547.69 0.70 8.33E-04 

miR-146b 29159.79 0.61 8.61E-04 

miR-21-3p 1407.30 0.69 1.22E-03 

miR-153 94.21 0.74 2.95E-03 

miR-130b 690.02 0.70 2.98E-03 

miR-203a-3p 963.90 0.61 6.78E-03 

miR-146b-3p 58.90 0.72 1.08E-02 

miR-4286 90.54 0.61 4.02E-02 

miR-143 3626500.56 -0.57 0 

miR-592 119.44 -0.95 4.83E-05 

miR-30c-1-3p 275.96 -0.53 3.06E-02 

miR-874-3p 514.64 -0.57 3.13E-02 

let-7i-3p 441.42 -0.51 3.72E-02 

miR-4634 395.30 -0.56 3.80E-02 
1Mean normalized counts across all 8 samples.  2Threshold established at log2(fold change) ≤ -0.42.  3 FDR 924 

corrected by Benjamini-Hochberg, threshold FDR ≤ 0.05.  4miRNAs also validated by RT-qPCR. 925 
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Figure 1. Statistics of small RNA sequencing.

A. Read length distribution after quality trimming. The area with highest read 

abundance corresponds to RNAs with typical miRNA length (21 - 23 nt). 

B. Percentage of reads in each sample mapping to various RNA categories: 

snRNA, small nuclear RNA; Mt_rRNA, mitochondrial ribosomal RNA; snoRNA, 

small nucleolar RNA, Mt_tRNA, mitochondrial transfer RNA; rRNA, ribosomal 

RNA; misc_RNA, miscellaneous RNA; lincRNA, long intergenic non-coding 

RNA; JSRV, exogenous JSRV viral genome; DNA, sheep genome; Unmapped, 

reads not mapping to any of the previous categories. No statistically significant 

differences were observed between groups (t-test p<0.05).
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Figure 2.  Differential expression of miRNAs in JSRV-infected compared to 

mock-inoculated lambs. 

A. Principal component analysis of miRNA expression in lung tissue (JSRV-infected 

lambs (n=4), mock-inoculated lambs (n=4)). Greater distance between samples in the 

plot indicates distinct expression patterns. Mock-inoculated samples formed a cluster 

towards the left of the plot, JSRV-infected samples covered a larger distance in both 

the x (PC1) and y axes (PC2). Sample Infected_F_85_days of the JSRV-infected 

group was closest to the mock-infected group in both PC1 and PC2, reflecting the 

lower level of infection in this lamb (33). The PCA plot indicates greater variability 

between JSRV-infected samples than among the mock-infected group and suggests 

global expression differences between the two groups. B. Heatmap of differentially 

expressed miRNAs (FDR<0.05, log2(fold change) ≥ 0.58 or ≤ -0.42) between lung 

tissue of JSRV-infected and mock-inoculated lambs. Dendrogram shows correlation 

clustering of individuals in groups. Legend represents values of log2 fold change. 
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Figure 3. RT-qPCR analysis of miRNA expression in lung tissue of JSRV-

infected and uninfected sheep.

The expression of selected miRNAs was measured by RT-qPCR in lung tissue 

from JSRV-infected lambs (n=4) and mock-inoculated controls (n=4) (A, B), and 

in adult sheep with naturally acquired OPA (n=10) and clinically healthy control 

sheep (n=6) (C, D). A and C, Relative miRNA expression presented as -dCt (-Ct 

miR + Ct miR-191) of each individual sample per each miRNA assayed. Boxes 

display standard deviation of the mean, represented with a horizontal line.  B 

and D, log2 fold-change between groups for each assayed miRNA, calculated 

following the ddCt method (94) and using miR-191 as an endogenous control. 

Error bars indicate standard deviation of miRNA expression within groups. 
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Figure 4. Small RNA-sequencing reads from JSRV-infected and uninfected

lung tissue aligning to the JSRV genome sequence.

The location of reads mapping to the JSRV genome in JSRV-infected (upper 4 

panels) and mock-inoculated (lower 4 panels) sheep are shown. The orange arrow 

indicates the region around nucleotide 6396-6450 where a peak of reads was 

observed in JSRV-infected animals (see main text and Figure 5). The blue arrow 

indicates the mapping location of the tRNALys1,2 3′-tRF molecule.
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Figure 5. Evaluation of a potential miRNA encoded in the env region of the

JSRV genome.

A. Secondary structure prediction of the region of the JSRV21 genome (nucleotides 

6396 – 6451) that encompasses the putative small RNA detected by small RNA 

sequencing. Colour legend shows the base-pair probabilities. The prediction was 

created with RNAfold (48).  B. Northern blot analysis to detect the candidate JSRV 

miRNA. RNA from ovine lung tissue and transfected 293T cells was hybridized with 

probes for 5p and 3p arms of the putative JSRV miRNA and for cellular miR-191, as 

indicated. Samples 172 and 173 are control lung tissue from healthy sheep; samples 

JA875, JA876 and JA898 are OPA-affected lung tissue (from 3 independent field 

cases); pCMV2JS21 transfected 293T cells, pJSRV21 transfected 293T cells, pEGFP-

Flag control transfected 293T cells. Upper panels show 24 hours exposure, lower 

panels show 4 day exposure. miR-191 was used as endogenous positive control. 
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Figure 6. Diseases and Biofunctions associated with differentially expressed 

predicted target genes.

The differentially expressed miRNAs were analyzed with Ingenuity Pathway 

Analysis software to identify potential target genes in the previously published 

dataset of genes differentially expressed in OPA (33).  The figure shows the 

diseases and biofunctions associated with genes predicted to be targeted by 

miRNAs differentially expressed in JSRV-infected sheep lung, plotted by relative 

statistical significance. Significance values were calculated based on a

right-tailed Fisher’s exact test, and the log(P value) is displayed on the horizontal 

axis of the bar chart. The taller the bar, the more significant the pathway effect.
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