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Abstract 30 

 31 

MicroRNAs (miRNAs) are small noncoding RNAs that play a pivotal role in the regulation of gene 32 

expression. Analysis of miRNAs is important for understanding a variety of biological processes. 33 

Sequencing of miRNAs within milk-derived extracellular vesicles (EVs) provides valuable insights 34 

into the molecular mechanisms through which these EVs influence recipient cells. Comparative 35 

miRNA sequencing of colostrum and mature milk from different cow breeds can demonstrate breed-36 

specific differences and improve the understanding of potential therapeutic applications in immune 37 

regulation and gut health. Therefore, this study was conducted to compare the miRNA profiles and 38 

characteristics of colostrum- and mature milk–derived EVs from Holstein and Jersey breeds and 39 

determine their effects on intestinal epithelial cells. The miRNA profiles of EVs isolated from the 40 

colostrum and mature milk of Holstein and Jersey cows were analyzed via small RNA sequencing. 41 

Holstein colostrum–derived EVs exhibited the most diverse miRNA profile with 421 identified 42 

miRNAs compared with 259 in mature milk–derived EVs. Jersey colostrum EVs had 198 miRNAs, 43 

whereas mature milk EVs had 282. Differential expression analysis revealed considerable miRNA 44 

differences between colostrum and mature milk, particularly in Holstein cows. Gene Ontology and 45 

KEGG pathway enrichment analyses revealed that miRNAs from colostrum EVs predominantly 46 

regulated immune-related pathways. Transcriptomic analysis of human colon cell line HT-29 treated 47 

with Holstein colostrum EVs confirmed the modulation of genes associated with immune responses. 48 

These findings indicate that colostrum-derived EVs, particularly from Holstein cows, play a pivotal 49 

role in immune regulation and could be potential candidates for therapeutic applications. 50 

 51 

Keywords: MicroRNAs, Extracellular vesicles, Holstein, Jersey, Colostrum, Mature milk 52 

 53 
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Introduction 55 

 56 

Extracellular vesicles (EVs) are nanovesicles that cells secrete into the extracellular environment 57 

and are characterized by their bilayer lipid membrane structure. Of these vesicles, the most well-58 

known are exosomes, which are particles typically measuring 30–150 nm [1]. EVs, including 59 

exosomes, are found in various body fluids, such as blood, milk, cerebrospinal fluid, and saliva. They 60 

play a pivotal role in cell–cell interactions through the nucleic acids, proteins, metabolites, and lipids 61 

they contain [2]. These various bioactive substances in the vesicles are transmitted to the recipient cell, 62 

and this communication of information affects physiological processes, such as the regulation of 63 

immune responses, cell survival or death, and cell development [3]. Because of their potential for 64 

physiological regulation, EVs have recently been extensively studied in a range of fields. 65 

One of the main components of EVs are microRNAs (miRNAs), which are small, noncoding RNAs. 66 

They are short, about 22 nucleotides (nt) in length, and have been found to play a pivotal role in 67 

regulating gene expression, leading to a growing body of research [4]. The complete set of miRNAs 68 

in a given cell or biological sample, known as the miRNome, is crucial for understanding the 69 

regulatory landscape within EVs [5]. Transported via EVs, miRNAs are involved in intercellular 70 

communication and immune regulation [6]. Specifically, miRNAs bind to target mRNAs and lead to 71 

their translation inhibition or degradation [7]. A milk-derived miRNA, miR-22-3p, has been reported 72 

to promote proliferation of human-derived intestinal epithelial cells [8]. Moreover, miR-31-5p 73 

enhanced endothelial cell proliferation and angiogenesis as well as alleviated diabetic wounds [9]. 74 

Understanding the miRNA profiles in EVs can provide insights into their roles in disease mechanisms, 75 

immune responses, and developmental processes. 76 

Previous studies have reported that milk-derived EVs could affect intestinal epithelial cells. 77 

Exposure of milk EVs to HT-29 cells confirmed the uptake of milk EVs by these cells, accompanied 78 

by an elevation in miRNA levels within the EVs [10]. Exosomes derived from mouse breast milk 79 

promoted viability and proliferation of mouse intestinal epithelial cells [11]. Furthermore, EVs 80 

derived from human milk were reported to promote ZO-1 expression in Caco-2 cells and suppress the 81 

expression of inflammation-related genes [12]. These findings highlight the therapeutic potential of 82 

milk-derived EVs to promote gut health and modulate immune responses as well as the critical need 83 
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for further comparative studies on EVs from different breeds or lactation stages to fully understand 84 

their biological functions and applications. 85 

Colostrum, the milk secreted shortly after delivery, is important for the immunity and development 86 

of newborn animals, and its properties have been shown to be distinct from those of mature milk, and 87 

so are the properties of EVs. A comparison of EVs from colostrum, first milk, and mature milk 88 

showed that colostrum and first milk have more EVs than mature milk [13]. Differentially expressed 89 

milk-derived EVs across different phases and revealed the differences between human milk and 90 

bovine milk [14]. Colostrum- and mature milk–derived EVs have been shown to be able to protect 91 

intestinal epithelial cells from lipopolysaccharide-induced damage and inflammation. Specifically, 92 

EVs from colostrum and mature milk have been found to exert differential effects on the expression 93 

of apoptosis-related and proinflammatory genes as well as to enhance cell proliferation and intestinal 94 

barrier function [15].  95 

Holstein is the main breed for milk consumption, whereas Jersey is a recently introduced breed in 96 

Korea and is known for producing high-quality dairy products [16]. Although there have been several 97 

studies comparing the composition of milk between the two breeds, no comparative analysis of the 98 

characteristics of milk-derived EVs and miRNAs has been conducted. Therefore, this study aimed to 99 

compare the miRNAs and characteristics of colostrum- and mature milk–derived EVs from Holstein 100 

and Jersey breeds and to determine how EVs affect intestinal epithelial cells via transcriptomic 101 

analysis. 102 

 103 

 104 

105 
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Materials and methods 106 

 107 

Milk samples 108 

All colostrum and mature milk samples were collected from three Holstein and three Jersey cows 109 

within 3 days and 1 month after delivery, respectively. To ensure comparability and control for breed-110 

specific differences, these cows were raised on the same facility and fed the same diet. The pooled 111 

samples from each breed were immediately frozen and stored at −80°C until further analysis. 112 

 113 

EV isolation 114 

EVs were isolated from each milk sample using the previously described method, with slight 115 

modifications [17]. Briefly, the milk samples were centrifuged at 1,500 × g for 10 min to remove the 116 

fat. Subsequently, the supernatant was centrifuged at 16,000 × g for 1 h to pellet the cell debris. To 117 

obtain the whey fraction, the supernatant was centrifuged for an additional 1 h at 50,000 × g. The 118 

whey fraction was ultracentrifuged at 100,000 × g, and then the resulting supernatant was centrifuged 119 

at 135,000 × g for 90 min to pellet the EVs. The centrifugation step was repeated, and phosphate 120 

buffered saline (PBS) was used to wash the EVs to ensure purity. The EVs were resuspended in PBS 121 

and stored at −80°C until further analysis. 122 

 123 

miRNA extraction and sequencing 124 

From each EVs, miRNAs were extracted as indicated using a QIAzol reagent (Qiagen, Germany) 125 

and the miRNeasy Mini Kit (Qiagen). The purity and integrity of the extracted miRNAs were 126 

measured using the Agilent 2100 Bioanalyzer (Agilent Technologies). Subsequent library generation 127 

and sequencing were performed at Macrogen (Seoul, Korea). The SMARTer smRNA-Seq Kit for 128 

Illumina was used for library construction and sequenced using the HiSeq 2500 System (Illumina, San 129 

Diego, CA, USA). The generated raw data were filtered based on quality. The reads were sequentially 130 

aligned to reference genome, miRBase version 21 [18] and noncoding RNA database, RNAcentral 131 

10.0. This alignment allowed for the classification of known miRNAs as well as other types of RNA, 132 

including tRNA, snRNA, and snoRNA. Novel miRNA prediction was performed using miRDeep2 133 

[19]. The read counts for each miRNA were extracted from mapped miRNAs to report the abundance 134 
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of each miRNA. Differentially expressed miRNAs (DEM) were determined by comparing across 135 

conditions each miRNA using edgeR of the R package with thresholds of |log2 fold change > 1| and 136 

P-value < 0.05. Representative miRNA target–binding sites were predicted using the TargetScan 137 

database (version 7.0). Gene Ontology (GO) and KEGG pathway annotations were analyzed using the 138 

DAVID online tool (https://david.ncifcrf.gov/). 139 

 140 

Cell culture and EV treatment 141 

HT-29 cells obtained from ATCC were grown in RPMI 1640 medium (HyClone, Logan, UT, USA) 142 

supplemented with 10% fetal bovine serum. Complete monolayers of HT-29 cells were washed three 143 

times with PBS. Then, Holstein colostrum–derived EVs (100 μg/mL) were added to the medium and 144 

incubated for 6 h at 37°C in the presence of 5% CO2. After exposure, the cells were washed with PBS, 145 

adherent cells were detached using a cell scraper, and total RNA was extracted using the RNeasy Mini 146 

Kit (Qiagen). The quality of total RNA was measured using the Agilent 2100 Bioanalyzer. The 147 

extracted RNA was stored at −80°C until further analysis. 148 

 149 

RNA sequencing 150 

For RNA-seq, libraries were prepared using the TruSeq RNA Sample Prep Kit version 2 (Illumina, 151 

San Diego, CA, USA) according to the manufacturer’s protocol, and paired-end sequencing was 152 

performed using the Illumina HiSeq 2000 instrument. Sequenced raw data were trimmed using 153 

Trimmomatic 0.38 to remove adapter sequences, bases with quality < 3 from the ends of the reads, 154 

and bases that did not meet window size = 4 and mean quality = 15 using the sliding window trim 155 

technique. The trimmed data were generated by removing reads shorter than min length = 36 bp, and 156 

subsequent analysis were conducted using high-quality reads that based on the established quality 157 

controls. The Hisat2 version 2.1.0 program was used to build an index of the reference genome and 158 

paired-end clean reads of the human genome reference (GRCh38) were read and compared. Uniquely 159 

mapped reads were quantified with Subread/featureCounts version 1.5.1 using ENSEMBL version 82 160 

transcriptome definitions. The generated data were subjected to differential expression analysis 161 

between samples using the R package edgeR, with genes corresponding to the thresholds |log2 fold 162 
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change > 1| and P-value < 0.05 defined as significantly differentially expressed genes (DEG). GO and 163 

KEGG pathway annotations were analyzed using the DAVID online tool. 164 

 165 

Statistical analysis 166 

The identified miRNA profiles were visualized using EVenn (http://www.ehbio.com/test/venn). 167 

Statistical analyses and visualization were performed using GraphPad Prism 9.0 (San Diego, CA, 168 

USA). 169 

 170 

 171 

172 
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Results 173 

 174 

Comparison of the identified miRNAs 175 

To determine the miRNA profile of EVs present in each raw milk sample, EVs were isolated from 176 

each sample via ultracentrifugation. The miRNAs were extracted from the isolated EVs, and small 177 

RNA sequencing was performed using the HiSeq platform of Illumina (Figure 1). A total of 421 178 

miRNAs were identified in Holstein colostrum–derived EVs (HC), and 259 miRNAs were sequenced 179 

in Holstein mature milk–derived EVs (HM). A total of 233 miRNAs were common to HC and HM, 180 

with 188 miRNAs identified in colostrum only and 26 miRNAs identified in mature milk only. 181 

Meanwhile, 198 and 282 miRNAs were identified in Jersey colostrum–derived EVs (JC) and Jersey 182 

mature milk–derived EVs (JM), respectively. There were 182 miRNAs that were common to both 183 

Jersey colostrum and mature milk, with 16 and 100 miRNAs identified in JC and JM, respectively.  184 

Next, the differences in miRNA profiles between the species were compared. The comparison 185 

revealed that 187 miRNAs were commonly expressed in both samples whereas 234 and 11 miRNAs 186 

were unique to HC and JC, respectively. Similarly, comparison between HM and JM revealed 233 187 

shared miRNAs, with exclusive counts of 26 in HM and 49 in JM. Finally, comparison of the miRNA 188 

profiles of all samples revealed that 174 miRNAs were common across all samples. Unique miRNAs 189 

detected numbered 8, 9, and 16 in HM, JC, and JM, respectively. Contrarily, 150 miRNAs were 190 

exclusively found in HC, indicating that Holstein colostrum possesses the most distinct and extensive 191 

miRNA profile among the samples.  192 

 193 

Comparison of miRNA profiles 194 

Identification of miRNAs with expression levels exceeding 1% in each sample showed that 17 195 

miRNAs were evenly expressed across the HC samples, with the top 7 accounting for about 66% of 196 

the total (Figure 2). Meanwhile, seven miRNAs in JC had expression levels greater than 1%, whereas 197 

the two most highly expressed miRNAs accounted for about 65%. In mature milk EVs, 14 miRNAs in 198 

HM and 12 miRNAs in JM had expression levels greater than 1%. Interestingly, the top 6 miRNAs 199 

were the same across all samples except HC, although their proportions differed. In addition, the top 7 200 
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miRNAs in HC and JC were identical, comprising 76% and 78% of the total miRNA expression, 201 

respectively. 202 

 203 

Comparison of the differential expression of miRNAs  204 

To further analyze the miRNA profiles among samples, the identified miRNAs were filtered and 205 

normalized. As a result, 570 of 793 mature miRNAs were excluded, and 223 mature miRNAs were 206 

used for statistical analysis (Figure 3). In comparison group C1, 60 miRNAs were upregulated and 67 207 

were downregulated in HC compared with HM. In comparison group C2, 39 miRNAs were 208 

upregulated and 48 were downregulated in JC compared with JM. Interestingly, 68 miRNAs were 209 

upregulated and 70 were downregulated in JC compared with HC (C3). Contrarily, the comparison 210 

between HM and JM showed 9 upregulated and 20 downregulated miRNAs (C4). This suggests that 211 

the DEM between colostrum and mature milk are more pronounced in Holstein cows than in Jersey 212 

cows and that the species-specific differences are more evident in colostrum compared with mature 213 

milk. 214 

 215 

Target prediction for differentially expressed miRNAs 216 

Gene enrichment analysis was conducted to predict the biological activities associated with the 217 

DEM for the three remaining combinations, except for C4, the mature milk comparison, which 218 

exhibited a slight difference in expression. The target genes of the top 10 DEM in each sample were 219 

predicted by TargetScan, and enrichment analysis of the selected gene set was conducted using the 220 

DAVID tool (Table 1). Immune-related pathways were found to be regulated in most comparative 221 

combinations. However, in both Holstein and Jersey breeds, these pathways were more prominently 222 

regulated in colostrum than in mature milk. In addition, comparison between JC and HC showed that 223 

more immune-related pathways were regulated in HC. Moreover, KEGG pathway analysis revealed 224 

that pathways related to MAPK signaling pathway and FoxO signaling pathway were upregulated, 225 

and cancer-related pathways were found to be upregulated in C1 and C2 rather than in C3. The top 10 226 

pathways associated with immune responses are shown in Tables 2 to 7. 227 

 228 
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Target prediction for the top 7 miRNAs of HC  229 

As HC had the most characteristic miRNA profile, GO and KEGG enrichment analyses were 230 

conducted on the top 7 miRNAs that accounted for more than 3% of abundance. Among the 231 

enrichment results, a total of 37 items related to biological processes, 15 related to cellular 232 

components, and 15 related to molecular functions were identified as important. KEGG pathway 233 

analysis revealed that a total of 31 pathways were significantly matched, most of which were related 234 

to immunity or cancer. The top 10 pathways associated with immune responses are shown in Table 8. 235 

 236 

Transcriptome analysis of EV-treated HT-29 cells  237 

Based on the previous results, HC is the most likely to regulate immune-related functions in the 238 

sample. Therefore, to confirm the effect of HC, human colon cell line HT-29 was treated with HC and 239 

subjected to transcriptomic analysis. DEG analysis revealed that of a total of 2892 genes, 203 and 255 240 

were upregulated and downregulated, respectively, upon treatment with HC. Gene enrichment 241 

analysis of DEG was conducted, and the results are shown in Table 9. GO analysis revealed that the 242 

upregulated genes were related to chemotaxis and negative regulation of the macrophage cytokine 243 

production pathway. Downregulated genes were identified as specific genes for negative regulation of 244 

platelet aggregation, telomere maintenance in response to DNA damage, regulation of cell cycle 245 

G2/M phase transition pathway. KEGG pathway analysis revealed that the upregulated genes did not 246 

produce substantial results and that the downregulated genes were associated with the NF-kappa B 247 

signaling and metabolic pathways. 248 

 249 

 250 

251 
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Discussion 252 

 253 

In this study, the miRNA characteristics of EVs derived from colostrum and mature milk of two 254 

cattle breeds were compared. The comparison revealed that the most diverse miRNAs were evenly 255 

present in Holstein colostrum EVs whereas fewer miRNAs were identified in Jersey colostrum. For 256 

the miRNA profiles of mature milk samples, the top 7 miRNAs were found to be identical in Holstein 257 

and Jersey, accounting for approximately 77% of the miRNAs. The DEM analysis revealed more 258 

miRNA differences in the comparison between mature milk and colostrum, consistent with the 259 

miRNA profile results, and few DEMs were found in the comparison between mature milk miRNAs. 260 

Gene enrichment analysis of the target genes of the top 10 DEM revealed that immune-related 261 

pathways were involved in colostrum than in mature milk in both Holstein and Jersey breeds. Holstein 262 

colostrum EVs with the most distinctive miRNA signatures were further analyzed by transcriptomics 263 

for their effects on intestinal epithelial cells, and genes associated with immune-related pathways 264 

were found to be modulated. These results indicate that EVs derived from Holstein and Jersey 265 

colostrum, rather than mature milk, are enriched in miRNAs that regulate immune-related pathways 266 

and that Holstein colostrum is the most likely immune modulator among them. 267 

miRNAs are known to play a pivotal role in biological processes by regulating gene expression. 268 

Due to this property, research on the importance of miRNAs is rapidly growing [20-22]. Previous 269 

studies have demonstrated that miRNAs in bovine can influence gene expression in humans [10] and 270 

are also used to ameliorate diseases or for the diagnosis of diseases as biomarkers [23-25]. The 271 

bioactive functions of EVs are closely associated with their internal miRNAs [26]. Therefore, the 272 

identification of the profile of miRNAs present in EVs is important for EV characterization. 273 

Most dairy cows currently bred are Holstein, which are characterized by their large body size and 274 

higher milk yield compared with other breeds [27]. Jersey cows are characterized by their smaller 275 

body size and lower feed consumption compared with Holstein [28]. They are also more heat-resistant 276 

than Holstein cows and have a higher amount of protein and fat in their milk, which makes them more 277 

efficient in the production of dairy products [16]. Most farmers breed Holstein for efficient milk 278 

production, and thus, most of the milk consumed by humans comes from Holstein, but Jersey cows 279 

are increasingly being domesticated to produce high-quality dairy products [29]. However, most 280 
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comparisons of Holstein and Jersey milk have focused on their nutritional composition, and the 281 

miRNA content has not been investigated. To the best of our knowledge, this study is the first to 282 

explore the profiles of EV-derived miRNAs in colostrum and mature milk between Jersey and 283 

Holstein cows. The miRNA profiles revealed that in Holstein breeds, more miRNAs were identified 284 

in colostrum-derived EVs than in mature milk EVs. Meanwhile, in Jersey milk, more miRNAs were 285 

detected in mature milk–derived EVs than in colostrum-derived ones. In a previous study, miRNA 286 

analysis of colostrum and mature milk from Holstein and Doğu Anadolu Kirmizisi cows revealed that 287 

in both breeds, known miRNAs were more highly expressed in mature milk than in colostrum [30]. 288 

Other studies have investigated miRNAs in bovine and porcine breast milk and detected about 100 289 

more miRNAs in colostrum than in mature milk [31, 32]. 290 

Jersey milk is known to have higher protein and lipid contents than Holstein milk. Previous studies 291 

have demonstrated that milk with higher ratios of fat and protein is enriched in miRNAs that regulate 292 

protein and lipid metabolism, mammary gland development, and amino acid biosynthesis [33, 34]. 293 

However, the present study found fewer differences in miRNAs in the mature milk samples and no 294 

significant association with protein and fat metabolism compared with the colostrum samples. A 295 

previous study reported that colostrum from Holstein and Jersey breeds did not differ in terms of fat 296 

and protein contents [29]. To confirm the association between miRNA analysis results and milk 297 

composition, further compositional analysis of milk samples is warranted. Moreover, the results are 298 

controversial because the miRNA profiles of colostrum and mature milk have not been sufficiently 299 

studied yet, and the expression level of miRNAs may be influenced by the state of the individual from 300 

which they are derived, sample management, and time and duration of lactation [35]. To more 301 

accurately compare the miRNA profiles, it is important to use a wide range of samples under various 302 

conditions. 303 

Previous studies have demonstrated that miRNAs in colostrum are more involved in immunologic 304 

pathways than miRNAs in mature milk [36, 37]. Analysis of miRNAs in porcine breast milk has 305 

revealed that there are more immune-related miRNAs in colostrum and that these miRNAs are present 306 

in the serum of piglets [32]. The results of the present study indicated that Holstein colostrum 307 

compared with mature milk was associated with biological activities, such as regulation of apoptotic 308 

process, negative regulation of cell proliferation, and cell–cell signaling, as well as KEGG pathways, 309 
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such as MAPK, Ras, and chemokine signaling pathways. Similarly, the target genes of Jersey 310 

colostrum miRNAs compared with mature milk were predicted to be associated with biological 311 

processes, such as negative regulation of cell proliferation, phosphorylation, negative regulation of 312 

Wnt signaling pathway, and KEGG pathways, such as mTOR signaling pathway. Meanwhile, the 313 

target pathways of DEMs in HC and JC were predicted to regulate more immune-related processes in 314 

HC than in JC. In addition, the KEGG pathway analysis revealed that both upregulated and 315 

downregulated miRNAs in each comparison combination would affect different types of cancer and 316 

immune-related pathways. These results are consistent with previous studies demonstrating that milk 317 

miRNAs are strongly associated with cancer and immunity [22]. 318 

The most highly expressed miRNAs in Holstein colostrum include bta-miR-26a, bta-miR-30a-5p, 319 

bta-miR-181a, and bta-let-7a-5p. miR-26-a regulates the secretion of proinflammatory cytokines in 320 

LPS-stimulated macrophages [38]. Moreover, miR-30a-5p and miR-26a have been reported to be 321 

capable of alleviating oncogenic inflammation in the colon by regulating the expressions of NF-κB 322 

and IL-6 [39, 40]. miR-181a has an anti-inflammatory activity mediated by the inhibition of IL1a in 323 

LPS-treated monocytes and macrophages [41]. In addition, let-7a-5p regulates IL-10 secretion in the 324 

inflammatory environment; it improved lung function by reducing collagen deposition and 325 

macrophage infiltration in mice with acute lung injury [42]. Together with the previous findings, 326 

further studies are warranted to confirm the possible anti-inflammatory functions of miRNAs with 327 

high proportions in HC and the overall role of HC. Furthermore, miRNAs typically do not bind 328 

directly to DNA, but instead inhibit gene expression by attaching to complementary sequences of the 329 

target mRNA and inhibiting translation or degrading the mRNA itself. This mode of action carries a 330 

low risk of causing direct mutations in DNA sequences [6]. However, the long-term effects of miRNA 331 

therapy and whether it may have unintended consequences are still unclear and need further study and 332 

long-term observation. 333 

EVs are characterized by their ability to interact with other cells through their internal miRNAs and 334 

other bioactive substances. Previous studies have demonstrated that EVs are taken up by target cells 335 

by pathways such as phagocytosis, endocytosis, and membrane fusion [43]. Milk-derived EVs have 336 

been shown to be taken up by Caco-2 cells in a concentration-dependent manner and are not cytotoxic 337 

even after 6 h of EV treatment [44]. It has also been confirmed that milk EVs are taken up by 338 
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differentiated human macrophages [45]. In this study, the effects of Holstein colostrum–derived EVs 339 

on the human colon cancer cell line HT-29 were investigated using a transcriptomics approach. It was 340 

found that most of the regulated pathways were associated with immunity, with more downregulation 341 

than upregulation. However, there were not many significantly regulated pathways and matched genes, 342 

which may be due to the concentration and time of exposure of EVs [10]. 343 

 344 

 345 

Conclusion 346 

In conclusion, this study identified differences in the miRNA profiles of Holstein and Jersey 347 

colostrum– and mature milk–derived EVs, with the latter showing less significant differences between 348 

species, whereas more diverse miRNAs were characterized in Holstein than Jersey colostrum EVs. 349 

Interestingly, regardless of the species, more immune-related pathways were predicted to be regulated 350 

in colostrum EVs compared with mature milk EVs. Notably, Holstein colostrum had the most 351 

distinctive miRNA profile, and it was shown that immune-related metabolic pathways were regulated 352 

when exposed to human intestinal epithelial cells. It is suggested that analysis of the gene–gene 353 

interactions through miRNA profiling and target gene analysis is the cornerstone for screening 354 

candidate miRNAs for disease amelioration and identifying the potential of EVs. 355 
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 494 

Figure 1. Comparison of the identified miRNAs. a–e) Venn diagram showing the number of cross-sample interactions for miRNAs present in EVs 495 
isolated from each sample. (a) HC vs. HM. (b) JC vs. JM. (c) HC vs. JC. (d) HM vs. JM. (e) All samples. HC, Holstein colostrum–derived extracellular 496 
vesicles; HM, Holstein mature milk–derived extracellular vesicles; JC, Jersey colostrum–derived extracellular vesicles; JM, Jersey mature milk–derived 497 
extracellular vesicles.498 
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 499 

 500 

Figure 2. Comparison of miRNA profiles. a–d) miRNAs present in more than 1% of the isolated EVs in 501 

each sample. (a) miRNA profiles of HC. (b) miRNA profiles of JC. (c) miRNA profiles of HM. (d) 502 

miRNA profiles of JM. HC, Holstein colostrum–derived extracellular vesicles; HM, Holstein mature 503 

milk–derived extracellular vesicles; JC, Jersey colostrum–derived extracellular vesicles; JM, Jersey 504 

mature milk–derived extracellular vesicles. 505 
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 507 

 508 

Figure 3. Comparison of the differential expressions of miRNAs. a–d) Volcano plots of differentially 509 

expressed miRNAs between samples. (a) HM vs. HC. (b) JM vs. JC. (c) HC vs. JC. (d) HM vs. JM. 510 

Colored dots were selected with cutoff criteria of P < 0.05 and absolute |log 2 (fold change)| > 1. HC, 511 

Holstein colostrum–derived extracellular vesicles; HM, Holstein mature milk–derived extracellular 512 

vesicles; JC, Jersey colostrum–derived extracellular vesicles; JM, Jersey mature milk–derived 513 

extracellular vesicles.  514 ACCEPTED
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Table 1. Top 10 differentially expressed miRNAs between the two samples in each comparison 

Abbreviation: DEMs, differentially expressed miRNAs; C1, comparison between HC and HM; C2, comparison between JC and JM; C3, comparison between JC and 

HC; HC, Holstein colostrum–derived extracellular vesicles; HM, Holstein mature milk–derived extracellular vesicles; JC, Jersey colostrum–derived extracellular 

vesicles; JM, Jersey mature milk–derived extracellular vesicles 

 

 

Top 10 DEMs of C1 Top 10 DEMs of C2 Top 10 DEMs of C3 

Up in HC Up in HM Up in JC Up in JM Up in JC Up in HC 

bta-miR-15a bta-miR-29d-3p bta-miR-101 bta-miR-135a bta-miR-885 bta-miR-143 

bta-miR-222 bta-miR-29b bta-miR-455-3p bta-miR-326 bta-miR-1306 bta-miR-2284y 

bta-miR-221 bta-miR-3613a bta-miR-490 bta-miR-2885 bta-miR-23b-5p bta-miR-30e-5p 

bta-miR-30a-5p bta-miR-885 bta-miR-296-3p bta-miR-335 bta-miR-3613a bta-miR-2284x 

bta-miR-142-3p bta-miR-23b-5p bta-miR-7857 bta-miR-2284x bta-miR-664b bta-miR-181c 

bta-miR-182 bta-miR-6119-3p bta-miR-223 bta-miR-2284y bta-miR-150 bta-miR-769 

bta-miR-142-5p bta-miR-2904 bta-miR-130a bta-miR-6522 bta-miR-455-3p bta-miR-6522 

bta-miR-3431 bta-miR-1306 bta-miR-671 bta-miR-30e-5p bta-miR-365-3p bta-miR-326 

bta-miR-320b bta-miR-664b bta-miR-744 bta-miR-2313-3p bta-miR-1246 bta-miR-874 

bta-miR-181a bta-miR-150 bta-miR-15a bta-miR-196b bta-miR-6119-3p bta-miR-2336 
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Table 2. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Holstein colostrum–derived 

extracellular vesicles in the comparison between Holstein colostrum– and Holstein mature milk–derived extracellular vesicles 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0042981 Regulation of apoptotic process 0.003 bta04010 MAPK signaling pathway <0.001 

GO:0008285 Negative regulation of cell proliferation 0.004 bta04014 Ras signaling pathway <0.001 

GO:0001525 Angiogenesis 0.007 bta05224 Breast cancer 0.003 

GO:0007267 Cell–cell signaling 0.008 bta04935 
Growth hormone synthesis, secretion, 

and action 
0.006 

GO:0045930 Negative regulation of mitotic cell cycle 0.013 bta05200 Pathways in cancer 0.011 

GO:0030334 Regulation of cell migration 0.014 bta05210 Colorectal cancer 0.013 

GO:0000422 Mitophagy 0.020 bta04062 Chemokine signaling pathway 0.019 

GO:0042771 

Intrinsic apoptotic signaling pathway in 

response to DNA damage by p53 class 

mediator 

0.020 bta05100 Bacterial invasion of epithelial cells 0.020 

GO:0043524 
Negative regulation of neuronal apoptotic 

process 
0.021 bta04022 cGMP-PKG signaling pathway 0.022 

GO:0000045 Autophagosome assembly 0.023 bta04211 Longevity regulating pathway 0.042 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: MAPK, mitogen-activated protein kinase; cGMP-PKG, cyclic guanosine monophosphate–protein kinase G 
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Table 3. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Holstein mature milk–derived 

extracellular vesicles in the comparison between Holstein colostrum– and Holstein mature milk–derived extracellular vesicles 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0030198 Extracellular matrix organization <0.001 bta04974 Protein digestion and absorption <0.001 

GO:0001836 
Release of cytochrome c from the 

mitochondria 
0.001 bta04510 Focal adhesion <0.001 

GO:0097192 
Extrinsic apoptotic signaling pathway in the 

absence of ligand 
0.003 bta04151 PI3K-Akt signaling pathway <0.001 

GO:0071456 Cellular response to hypoxia 0.025 bta04512 ECM–receptor interaction <0.001 

GO:0051781 Positive regulation of cell division 0.034 bta04926 Relaxin signaling pathway 0.001 

GO:0045893 
Positive regulation of transcription, DNA-

templated 
0.035 bta05165 Human papillomavirus infection 0.001 

GO:0060070 Canonical Wnt signaling pathway 0.036 bta05222 Small cell lung cancer 0.001 

GO:0051897 
Positive regulation of protein kinase B 

signaling 
0.037 bta05200 Pathways in cancer 0.005 

GO:0010595 
Positive regulation of endothelial cell 

migration 
0.043 bta01521 EGFR tyrosine kinase inhibitor resistance 0.009 

GO:0008630 
Intrinsic apoptotic signaling pathway in 

response to DNA damage 
0.049 bta05205 Proteoglycans in cancer 0.018 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: PI3K, phosphatidylinositol-3-kinase; ECM, extracellular matrix; EGFR, epidermal growth factor receptor 
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Table 4. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Jersey colostrum–derived 

extracellular vesicles in the comparison between Jersey colostrum– and Jersey mature milk–derived extracellular vesicles 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: mTOR, mammalian target of rapamycin; MAPK, mitogen-activated protein kinase; FoxO, forkhead box O 

 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0008285 Negative regulation of cell proliferation 0.001 bta04150 mTOR signaling pathway <0.001 

GO:0016310 Phosphorylation 0.002 bta04010 MAPK signaling pathway 0.001 

GO:0045669 
Positive regulation of osteoblast 

differentiation 
0.006 bta04068 FoxO signaling pathway 0.001 

GO:0030178 
Negative regulation of the Wnt signaling 

pathway 
0.006 bta05224 Breast cancer 0.003 

GO:0001764 Neuronal migration 0.008 bta05202 Transcriptional misregulation in cancer 0.007 

GO:0006915 Apoptotic process 0.010 bta05225 Hepatocellular carcinoma 0.008 

GO:0001935 Endothelial cell proliferation 0.012 bta05210 Colorectal cancer 0.010 

GO:0051726 Regulation of cell cycle 0.017 bta05223 Nonsmall cell lung cancer 0.014 

GO:0030154 Cell differentiation 0.018 bta05200 Pathways in cancer 0.022 

GO:0035556 Intracellular signal transduction 0.023 bta04950 Maturity onset diabetes of the young 0.033 
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Table 5. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Jersey mature milk–derived 

extracellular vesicles in the comparison between Jersey colostrum– and Jersey mature milk–derived extracellular vesicles 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: MAPK, mitogen-activated protein kinase; PD-L1, programmed death ligand 1; PD-1, programmed cell death protein 1; GnRH, gonadotropin-releasing 

hormone; FoxO, forkhead box O 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0034599 Cellular response to oxidative stress <0.001 bta04010 MAPK signaling pathway 0.001 

GO:0043162 

Ubiquitin-dependent protein catabolic 

process via the multivesicular body sorting 

pathway 

0.002 bta05235 
PD-L1 expression and PD-1 checkpoint 

pathway in cancer 
0.002 

GO:0071333 Cellular response to glucose stimulus 0.002 bta04360 Axon guidance 0.003 

GO:0010458 Exit from mitosis 0.002 bta04912 GnRH signaling pathway 0.006 

GO:0010508 Positive regulation of autophagy 0.003 bta04218 Cellular senescence 0.009 

GO:0071805 Potassium ion transmembrane transport 0.004 bta04921 Oxytocin signaling pathway 0.017 

GO:0010737 Protein kinase A signaling 0.005 bta04068 FoxO signaling pathway 0.017 

GO:0009408 Response to heat 0.011 bta04720 Long-term potentiation 0.017 

GO:0010766 Negative regulation of sodium ion transport 0.011 bta04550 
Signaling pathways regulating 

pluripotency of stem cells 
0.028 

GO:0030036 Actin cytoskeleton organization 0.017 bta05216 Thyroid cancer 0.031 
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Table 6. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Jersey colostrum–derived 

extracellular vesicles in the comparison between Jersey colostrum– and Holstein colostrum–derived extracellular vesicles 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: ERK, extracellular signal–regulated kinase 

 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0007218 Neuropeptide signaling pathway 0.007 bta04550 
Signaling pathways regulating the 

pluripotency of stem cells 
0.005 

GO:0051897 
Positive regulation of protein kinase B 

signaling 
0.007    

GO:0060216 Definitive hemopoiesis 0.014    

GO:0043922 
Negative regulation by host of viral 

transcription 
0.018    

GO:0045165 Cell fate commitment 0.038    

GO:0046326 Positive regulation of glucose import 0.043    

GO:0042981 Regulation of apoptotic process 0.044    

GO:0070374 
Positive regulation of ERK1 and ERK2 

cascade 
0.044    

GO:0048856 Anatomical structure development 0.044    

GO:0060129 
Thyroid-stimulating hormone-secreting cell 

differentiation 
0.045    
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Table 7. Gene Ontology and KEGG pathway enrichment analyses of the top 10 differentially expressed miRNAs of Holstein colostrum–derived 

extracellular vesicles in the comparison between Jersey colostrum– and Holstein colostrum–derived extracellular vesicles 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: PI3K, phosphatidylinositol-3-kinase  

 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0071805 Potassium ion transmembrane transport 0.004 bta04371 Apelin signaling pathway 0.008 

GO:0010633 
Negative regulation of epithelial cell 

migration 
0.007 bta04211 Longevity regulating pathway 0.016 

GO:0030036 Actin cytoskeleton organization 0.008 bta04151 PI3K-Akt signaling pathway 0.024 

GO:0001558 Regulation of cell growth 0.008 bta00330 Arginine and proline metabolism 0.046 

GO:0007346 Regulation of mitotic cell cycle 0.016    

GO:0030837 
Negative regulation of actin filament 

polymerization 
0.018    

GO:0071542 Dopaminergic neuron differentiation 0.021    

GO:0006936 Muscle contraction 0.022    

GO:0010508 Positive regulation of autophagy 0.024    

GO:0042752 Regulation of circadian rhythm 0.024    
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Table 8. Gene Ontology and KEGG pathway enrichment analyses of the top 7 miRNAs of Holstein colostrum–derived extracellular vesicles 

Only the top 10 GO terms representing the biological process and KEGG pathway are listed in the table.  

Abbreviation: FoxO, forkhead box O; TGF, transforming growth factor; MAPK, mitogen-activated protein kinase 

 

GO ID GO term P-value Pathway ID Definition P-value 

GO:0001764 Neuronal migration <0.001  bta05200 Pathways in cancer <0.001 

GO:0006468 Protein phosphorylation <0.001 bta04068 FoxO signaling pathway <0.001 

GO:0010718 
Positive regulation of epithelial to 

mesenchymal transition 
0.002  bta04350 TGF-beta signaling pathway <0.001 

GO:0015031 Protein transport 0.002  bta05224 Breast cancer <0.001 

GO:0043491 Protein kinase B signaling 0.003  bta04010 MAPK signaling pathway 0.001  

GO:0008285 Negative regulation of cell proliferation 0.004  bta05210 Colorectal cancer 0.001  

GO:0030177 
Positive regulation of the Wnt signaling 

pathway 
0.009  bta05225 Hepatocellular carcinoma 0.004  

GO:0043065 Positive regulation of apoptotic process 0.014  bta05226 Gastric cancer 0.007  

GO:0035556 Intracellular signal transduction 0.017  bta04510 Focal adhesion 0.012  

GO:0098609 Cell–cell adhesion 0.037  bta04014 Ras signaling pathway 0.014  
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Table 9. Gene Ontology and KEGG pathway enrichment analyses of differentially expressed genes between negative control and Holstein colostrum–

derived extracellular vesicles 

Abbreviation: BP, biological process; CC, cellular component; MF, molecular function; NF, nuclear factor 

 

Upregulated Downregulated 

ID Definition P-value ID Definition P-value 

GO_BP:0006935 Chemotaxis 0.002 GO_BP:0090331 
Negative regulation of platelet 

aggregation 
0.002 

GO_BP:0010936 
Negative regulation of macrophage 

cytokine production 
0.048 GO_BP:0090258 

Negative regulation of mitochondrial 

fission 
0.022 

GO_CC:0005886 Plasma membrane 0.010 GO_BP:0043247 
Telomere maintenance in response to 

DNA damage 
0.038 

GO_CC:0005615 Extracellular space 0.022 GO_BP:1902749 
Regulation of cell cycle G2/M phase 

transition 
0.038 

   GO_MF:0016787 Hydrolase activity 0.005 

   GO_MF:0004672 Protein kinase activity 0.020 

   KEGG: hsa04064 NF-kappa B signaling pathway 0.017 

   KEGG: hsa01100 Metabolic pathways 0.046 
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