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Introduction 
Bovine subclinical mastitis (SCM) is an inflammatory condition of the mammary gland commonly 

caused by pathogens, including Staphylococcus aureus [S. aureus] leading to reduced milk yield 

and quality, and significant economic losses to the dairy industry (Aghamohammadi et al., 2018). 

Growing evidence highlights the role of genes (mRNAs) and non‑coding RNAs, particularly 

microRNAs (miRNAs) and long non‑coding RNAs (lncRNAs) in regulating immune responses 

associated with SCM (Omonijo et al., 2024, Ibeagha-Awemu et al., 2025). However, the 

mechanism of interaction between lncRNAs and miRNAs and the processes they impact during 

SCM remains poorly understood. Therefore, this study aimed to characterize the impact of 

lncRNA–miRNA regulatory networks on biological processes during SCM and identify 

functionally relevant biomarkers that may serve as targets for advancing dairy cow management. 

 
Materials & Methods 
Animal selection and RNA sequencing. Lactating cows from five commercial dairy farms in 

Quebec, Canada were selected as previously described (Omonijo et al., 2025, Wang et al., 2024). 

Cows with consistently high somatic cell counts (SCCs; >350,000 cells/mL) or low SCC (<100,000 

cells/mL) for 3 or more consecutive months were classified as S. aureus-infected cows (SAIC) or 

non-infected cows (NIC), respectively. Eleven SAIC and five NIC were selected, and total RNA 

was extracted from their milk somatic cells using RNeasy Mini Kit (Qiagen Inc.). Libraries of total 

RNA and small RNA were generated using standard kits and procedures and sequenced by Centre 

d'expertise et de services, Génome Quebec (https://genomequebec.com/en/).  

 

Bioinformatics analysis, target gene prediction and competing endogenous (ceRNA) network 

construction. Raw sequencing reads were processed using the nf-core/smrnaseq and nf-

core/rnaseq pipelines for miRNA and lncRNA data, respectively. Differential expression (DE) 

analysis between SAIC and NIC was performed with DESeq2, and FDR <0.01 correction was used 

to define DE lncRNAs and miRNAs. The target genes of DE miRNAs were predicted with 

TargetScan v8.0 and miRWalk, and only consensus targets identified by both tools were retained. 

Predicted targets were further filtered against mRNA expression profiles generated from the same 

samples. The association of the mRNA data with S. aureus pathogens has been previously described 

(Wang et al., 2024). LncRNA cis target genes (mRNA) were identified within ±100 kb of each 

lncRNA locus, while Pearson correlation (r ≥ 0.90 and FDR < 0.05) was used to define trans targets. 

Functional enrichment analyses of lncRNA and miRNA target genes were performed using 

ClusterProfiler (Yu et al., 2012). Co-expression analysis across lncRNAs, miRNAs and mRNAs 
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and all 16 samples were integrated to construct the ceRNA network, and co‑regulated target genes 

were mapped to shared pathways and visualized in Cytoscape (https://cytoscape.org/). 

Transfection and Lipoteichoic acid (LTA) experiment. To validate the role of a highly expressed 

miRNA (bta-miR-15a) whose target genes were highly represented in immune and disease 

pathways, MAC-T cells were seeded in 6-well plates and grown overnight to ~70% confluence. 

Cells were transfected with bta-miR-15a mimic (50 nM) or inhibitor (100 nM), or their negative 

controls, NC_mimic or NC_inhibitor (Integrated DNA Technologies), using Lipofectamine 3000 

(Invitrogen). To induce inflammation, 40 μg/mL of lipoteichoic acid (LTA), a major constituent of 

the cell wall of Gram-positive bacteria (e.g. S. aureus), was added and incubated for 12 h. After 

treatment, cells were harvested for RNA extraction using the miRNeasy Mini Kit (Qiagen). Reverse 

transcriptase-quantitative polymerase chain reaction (RT-qPCR) was performed to measure gene 

expression and data analyzed using the 2⁻ΔΔCt method (Livak and Schmittgen, 2001).  

Results & Discussion 

Differential expression and target gene prediction. A total of 600 DE (FDR <0.01 ) lncRNAs 

(120 novel, 480 known) were identified between SAIC and NIC, including 200 downregulated 

(e.g., LOC104974569, novelLncRNA_646, LOC101907369, etc.) and 400 upregulated (e.g., 

LOC104976281, LOC107132519, LOC107131941, etc.). Likewise, 180 DE miRNAs (8 novel, 

172 known) were detected, with 150 downregulated (e.g., bta-miR-200b, bta-miR-151-3p, 

bta-miR-375, etc.) and 30 upregulated (e.g., bta-miR-15a, bta-miR-223, bta-miR-454, etc.). These 

observations are consistent with previous reports on SCM (Chen et al., 2014, Hasankhani et al., 

2023, Xia et al., 2023). Using a ±100-kb window, 500 cis-target genes of DE lncRNAs were 

identified, including IL1RAP, IL-10, and PIK3R6, which are known to regulate inflammatory 

responses (De Boer et al., 2021, Iyer and Cheng, 2012). Additionally, 5000 trans target genes were 

identified by correlation analysis, including CXCL8 and CD40, which are key mediators of 

leukocyte recruitment and cytokine amplification (Gilbert et al., 2013, Elgueta et al., 2009). 

Similarly, DE miRNA target gene prediction identified 1,848 mRNAs, including CDC25B, FGFR1 

etc. which promote epithelial proliferation, repair and cell-cycle progression (Turner and Grose, 

2010, Boutros et al., 2007). 

 

Functional enrichment analysis and ceRNA network. Functional enrichment analysis of 

lncRNA and miRNA target genes revealed that the top 20 downregulated Gene Ontology biological 

processes (GO-BPs) and pathways, including regulation of epithelial cell migration, cell population 

proliferation, tissue development, metabolic pathways, PI3K-AKT signaling among others (Fig. 

1A-D), were largely associated with impaired epithelial function and repair. In contrast, the top 20 

upregulated GO-BPs and pathways, such as NF-κB signaling, MAPK signaling, immune response, 

defense response etc. (Fig. 1A-D) were associated with the immune response. This pattern is 

consistent with the ability of S. aureus to disrupt host energy metabolism and trigger cellular stress 

responses that impair epithelial function (Günther et al., 2017, Ali et al., 2025). The ceRNA 

network revealed that downregulated bta-miR-145 expression corresponded with elevated 

AKIRIN2 and CD40 expressions, which are key regulators of immune and innate responses 

(Elgueta et al., 2009). A previous report indicated that bta-miR-145 regulates immune cytokines by 

targeting FSCN1 gene (Chen et al., 2019). Similarly, overexpression of lncRNA-BMNCR sponge 

bta-miR-145 to activate the expression of CBFB, a transcriptional cofactor essential for cell 

survival and proliferation (Sun et al., 2023). Meanwhile, the upregulation of bta-miR-15a showed 

an inverse relationship with several downregulated lncRNAs, including LOC101902531 and 
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LOC101905365. This interaction strengthens the repression of target genes such as CDC25B and 

FGFR1, which are enriched in pathways and processes associated with the immune response 

including defense response, PI3K Akt signaling and MAPK signaling etc. This is consistent with a 

previous study showing that bta-miR-15a reduces cell viability, suppresses lactation related genes, 

and impairs milk synthesis by targeting GHR (Li et al., 2012). 
 

 
Figure 1. Gene set enrichment analysis and competing endogeneous RNA (ceRNA) network of 

DE lncRNAs and miRNAs target genes in Staphylococcus aureus-infected cows (SAIC) versus 

non-infected cows (NIC). (A-B) Top 20 enriched Gene Ontology biological processes (GO-BPs) 

and KEGG pathways associated with DE lncRNAs. (C-D) Top 20 enriched GO-BPs and pathways 

associated with DE miRNAs. (A-D) Red bars represent upregulated terms and black bars represent 

downregulated terms. Bar length represents the number of target genes per term. (E) ceRNA network of most 

significant DE lncRNA-miRNA-mRNA interactions. Yellow rectangles represent miRNAs, orange parallelograms 

represent mRNAs, and blue triangles represent lncRNAs. Light brown diamonds indicate GO-BPs, and green octagons 

indicate pathways. The red labels denote upregulated miRNAs, mRNAs and lncRNAs, whereas black labels denote 

downregulated ones. 

 

Furthermore, functional validation further demonstrated that bta-miR-15a, IL6, and IL1β were 

markedly upregulated in LTA-stimulated MAC-T cells (Fig. 2A–E), while CDC25B and FGFR1 

were downregulated (Fig. 2F–G), supporting the RNA-Seq results and the post-transcriptional 

regulatory effect of bta-miR-15a on its target genes. Together, these results suggest that 

bta-miR-15a contributes to impaired epithelial repair during S. aureus SCM. 

 

Conclusions 
In conclusion, the integrated analysis of miRNA and lncRNA data, the ceRNA network and qPCR 

validation reveals a coordinated regulatory role of lncRNA-miRNA interactions in S. aureus SCM. 

These findings provide mechanistic insight into the post-transcriptional control of inflammation, 

particularly the role of bta-miR-15a that could be explored as a biomarker target for the 

development of strategies for the management of bovine SCM. 
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Figure 2. Relative expression of genes (mRNA and miRNA) following Lipoteichoic acid-

stimulated inflammation in MAC-T cells. (A, B) Relative expression of bta-miR-15a following 

transfection with an inhibitor or mimic, respectively. (C-D) IL-1β and IL-6 mRNA expression 

levels in response to LTA-stimulated inflammation in MAC-T cells. (E–G) Expression of bta-miR-

15a, CDC25B, and FGFR1 in response to LTA-stimulated inflammation in MAC-T cells. Data are 

presented as fold change relative to control. *p < 0.05, **p < 0.01, ***p < 0.001. 
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