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Abstract

Blood-borne extracellular vesicles (i.e. exosomes and microvesicles) carrying microRNAs 

(miRNAs) could make excellent biomarkers of disease and different physiologic states, including 

pregnancy status. We tested the hypothesis that circulating extracellular vesicle-derived miRNAs 

might differentiate the pregnancy status of cows that had maintained pregnancy to Day 30 from 

non-pregnant cows or from those that exhibited embryonic mortality between Days 17–30 of 

gestation. Cows were randomly assigned for artificial insemination with fertile semen (n= 36) or 

dead semen (n=8; control group) on Day 0 (day of estrus). Blood was collected from all animals 

on Day 0 and on Days 17 and 24 after artificial insemination. Cows receiving live sperm were 

retrospectively classified as pregnant on Day 30 (n=17) or exhibiting embryonic mortality between 

Days 17–30 (n=19). Extracellular vesicles from Day-17 and -24 samples were isolated from serum 

using ultra-centrifugation, and their presence was confirmed by nanoparticle tracking and Western 

blot analyses (for CD81) prior to RNA extraction. MicroRNA sequencing was performed on 

pregnant, embryonic-mortality, and control cows (n=4 per day), for a total of 24 independent 

reactions. In total, 214 miRNAs were identified in serum, 40 of which were novel. Based on 

differential abundance parameters, we identified 32 differentially abundant loci, representing 27 

differentially abundant mature miRNA. At Days 17 and 24, specific miRNAs (e.g. miR-25, -16b 

and -3596) were identified that differentiated the pregnancy status. In summary, we identified 

several circulating extracellular vesicles derived miRNAs that differ in abundance between 

embryonic mortality and pregnant cows.
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Introduction

About 85–95% of beef cattle exposed to a single artificial insemination achieve successful 

fertilization (Maurer and Chenault 1983; Ahmad et al. 1995; Dunne et al. 2000), but a 

relatively high rate of early embryonic mortality is observed thereafter. Only about 60% of 

fertilized eggsresult in a pregnancy by Day 30 (Diskin et al. 2006; Diskin and Morris 2008), 

and a second phase of embryonic mortality occurs between Days 30 to 45 of gestation, 

which corresponds to the time when the chorioallantoic cotyledonary placenta is forming in 

cattle (Wiltbank et al. 2016). We previously developed an animal model to investigate some 

of the mechanisms underlying late embryonic mortality between Days 28 to 45 of gestation 

(Perry et al. 2005; Pohler et al. 2013; Pohler et al. 2015; Pohler et al. 2016). Bovine 

pregnancy-associated glycoproteins (PAGs) and real-time ultrasonography were then used in 

this model to help diagnose pregnancy in cows throughout gestation starting as early as Day 

25 (Fricke 2002; Perry et al. 2005), Unfortunately, these data from PAGs and ultrasound 

provided no information on early embryonic loss between fertilization and Day 25 most 

likely due to limitation of these methods to identify early embryonic loss. Additional 

markers, such as the abundance of interferon-stimulated gene transcripts, have been 

evaluated in leukocytes to study this earlier period of embryonic loss (Gifford et al. 2007; 

Green et al. 2010), but expression of these genes is not necessarily an indication that a viable 

conceptus is present because this metric also changes upon exposure to viruses (even when 

asymptomatic). Nevertheless, an absence of interferon-stimulated gene transcripts may be a 

good marker of non-pregnant animals.

Extracellular vesicles are primarily classified as exosomes, which are derived from 

intraluminal vesicles present in multivesicular bodies, and microvesicles, which are derived 

from plasma membrane blebbing (Gould and Raposo 2013). The term is used to collectively 

describe these cell-secreted vesicles because their origin is not easily determined once 

released into bodily fluids. Studies suggest that extracellular vesicle-derived miRNAs can 

play specific roles in cell-to-cell communication and overall biological function (Camussi et 

al. 2010; Iguchi et al. 2010; Wang et al. 2010).

Circulating microRNAs (miRNAs) are proposed as novel biomarkers for physiological and 

disease states because they can be assayed in a non-invasive manner and are potentially 

predictive, specific, sensitive, and robust (Etheridge et al. 2011; Gilad et al. 2008). For 

example, over eight types of cancer (including lung, breast, and ovarian) are associated with 

specific extracellular vesicle-derived miRNAs, and are currently being evaluated as potential 

screening targets (Thind and Wilson 2016). Placenta-specific miRNAs are released and were 

shown to be detectable in the maternal circulation during pregnancy in women (Luo et al. 

2009) and mares (Klohonatz et al. 2016). Therefore, we tested the hypothesis that specific 

circulating extracellular vesicle-derived miRNAs may differentiate the early pregnancy 

status of cows. The association between miRNAs and extracellular vesicles appears to 

enhance the miRNA half-life within blood serum or plasma (Valadi et al. 2007; Skog et al. 

2008; Gallo et al. 2012), so we focused on this population of miRNAs to identify any that 

might be differentially abundant in pregnant versus embryonic-mortality cows at Days 17 

and 24 of gestation.
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Results

The expression of interferon-stimulated genes in leukocytes was measured in all animals on 

Days 0 and 17 of gestation (Figure 1). Qualitative measurements of ISG15 (Interferon-

stimulated gene 15), MX2 (Myxovirus resistance 2), and OAS1 (2′-5′-Oligoadenylate 

Synthetase 1) were made to verify that cows were free of infection (viral) at the time of 

insemination and to determine the pregnancy status of live sperm-inseminated cows on Day 

17 of pregnancy. Animals must have had an increase in transcripts of at least 2 of the 3 

specific interferon-stimulated genes to be considered pregnant on Day 17.

All animals submitted for deep sequencing had positive serum extracellular vesicle 

immunoreactivity for CD81 (Cluster of differentiation 81), a well-characterized extracellular 

vesicle protein marker, at both Days 17 and 24 (Figure 2a). Nanoparticle-tracking analysis 

revealed an overall extracellular vesicle mean diameter of 109±42 nm (mean ± standard 

deviation) for all animals whose extracellular vesicle-derived miRNAs were sequenced. The 

mean number of particles across all samples was 7.3±1.07 × 107/ml of serum (mean ± 

standard deviation). No significant differences were detected among the groups in the total 

number or size of particles, or in circulating concentrations of progesterone on Days 17 or 

24 among the pregnant, embryonic-mortality, and control (Day-17 controlled internal drug 

release implant) animals.

The small-RNA profiles of purified extracellular vesicles from pregnant, embryonic-

mortality, and control groups were collected using an Agilent 2100 Bioanalyzer (Figure 2b). 

The circulating extracellular vesicles among the groups contained mostly small-RNA 

species less than 60 bp in length, indicating that the extracted extracellular vesicles 

possessed small RNAs other than miRNAs. Small-RNA sequencing confirmed these 

findings, revealing multiple types of small RNAs in the samples (Figure 3). The highest 

percentage of the population was miRNAs (38%), followed by small nucleolar RNA 

(snoRNA) (21%), ribosomal RNA (rRNA) (12%), and small nuclear RNA (snRNA) (10%).

Deep sequencing of these small RNAs resulted in 7.5 and 9.2 million reads per sample, of 

which 5–7 million reads mapped to the genome. The miRNAs were identified using a 

systematic filtering process beginning with a length filter that selected for RNAs between 18 

and 30 bases long. Alignment and mapping of the Day-17 and -24 samples yielded a total of 

214 miRNAs across all groups, of which 40 were potential novel miRNAs (Table 1). The 

majority of these miRNAs (129/214) were represented in all samples; 166 miRNAs were 

found in 5 of 6 groups; and 178 miRNAs were in 4 of 6 groups (Table 1). Very few miRNA 

were present in only 1 group: 14 miRNAs fit this category, and 8 of those were specific to 

the Day-24 pregnant animals. However, these specific miRNA were in rather low abundance 

within these samples.

Analysis using differential-abundance parameters for miRNAs (i.e. the miRNA had to have a 

count per million reads ≥10 in all 4 replicates from at least one of the two samples being 

compared) allowed us to identify 32 differentially abundant loci, representing 27 

differentially abundant mature miRNA. The majority (27/32) of these differentially abundant 

miRNAs were elevated in the Day-17 embryonic mortality versus pregnant cows; one of 
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these novel miRNAs was also significantly increased in the control compared to the pregnant 

group (Table 2). One miRNA was significantly increased between the embryonic-mortality 

and control group (Table 2), but no other differences were detected on Day 24 of gestation. 

The differential abundance of 3 of 4 mature miRNAs (miR-16a/b, -25, and -3596; not -100) 

at Day 17 of gestation was confirmed using reverse-transcription quantitative PCR, with all 

3 present at lower levels in the pregnant cows versus those with embryonic mortality (Figure 

4).

The greatest difference existed between the embryonic mortality and pregnant groups, so we 

focused our Ingenuity Pathway Analysis (IPA) on the 27 known miRNA that were more 

abundant in the embryonic-mortality compared to pregnant group which were linked to the 

IPA classifications of Cancer, Connective Tissue Disorders, Organismal Injury and 

Abnormalities, Reproductive System Disease, and Endocrine Disorders (the top 5 network 

functions). These specifically included miRNAs associated with inflammation, cell 

proliferation, endometriosis, cell cycle progression, contraction, infection, late-onset 

preeclampsia, apoptosis, differentiation, uterine leiomyoma, ovarian endometriosis, and cell 

viability (Figure 5a). Specific gene networks related to these 27 miRNAs were also 

identified, including PTGS2 (Prostaglandin-endoperoxide Synthase 2), SLC38A1 (Solute 

carrier family 38 member 1/Amino acid transporter A1), IGF1R (Insulin-like growth factor 1 

receptor), AKT (Protein kinase B), TRMT1 (tRNA methyltransferase 1), SNAI1 (Snail 

family transcriptional repressor 1), CG (Cathepsin G), CAMTA1 (Calmodulin-binding 

transcription activator 1), MAP2K1/2 (Mitogen-activated protein kinase 1), BCL6 (B-cell 

CLL/lymphoma 6), and TP53 (Tumor protein 53) (Figure 5b).

Discussion

During early pregnancy, the elongating bovine conceptus produces copious amounts of 

interferon-τau (IFN-τ) (Robinson et al. 2008), which is critical for maintaining or preventing 

the corpus luteum from undergoing regression, extending luteal concentrations of 

progesterone that are critical for pregnancy establishment (Godkin et al. 1984; Roberts et al. 

1989). Many genes are regulated by IFN-τ (Spencer et al. 2008), including the products of 

interferon-stimulated genes expressed in peripheral leukocytes by Day 16 to 20 of gestation 

(Gifford et al. 2007; Stevenson et al. 2007; Green et al. 2010). The timing of leukocyte 

expression of interferon-stimulated genes, just after the bovine embryo begins to elongate 

into a filamentous conceptus at Day 15 (Spencer et al. 2008), was proposed as a marker of 

early pregnancy; however, the overall accuracy of for such gene expression is handicapped 

by the viral responsive nature of IFNs.

In this study, only pregnant, non-pregnant, and control cows that had specific interferon-

stimulated responses between Days 0 and 17 of gestation were used. Pregnant and 

embryonic-mortality cows had to have increased expression of interferon-stimulated genes 

on Day 17 compared to Day 0, which indicated that both groups possessed an embryo 

capable of secreting IFN-τ on Day 17 of gestation. Conversely, interferon-stimulated gene 

expression in control animals had to remain low or decrease on Day 17 compared to Day 0, 

as a proxy for the absence of an embryo on Day 17 of gestation. We believe that selecting 
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animals based on these specific profiles was a key factor for the results obtained, and 

justified the direct comparison of Day-17 pregnant and embryonic-mortality animals.

Circulating miRNAs are used as biomarkers for a number of human diseases and 

physiological states (reviewed by Reid et al. 2011). Furthermore, specific miRNAs were 

detected in serum and plasma collected from pregnant women during gestation (Gilad et al. 

2008), many of which were derived from human villous trophoblasts (e.g. miRNA 512-3p, 

517-a, 517-b, 518-b and 519-a) and circulate in maternal blood within or associated with 

extracellular vesicles (Luo et al. 2009; Miura et al. 2010; Kotlabova et al. 2011). Such 

circulating, extracellular vesicle-derived miRNAs in maternal serum that are specific to 

pregnancy were also reported in the mare (Cameron et al. 2011; Klohonatz et al. 2016). In 

addition, miRNA populations extracted from whole blood appear to differ between pregnant 

and non-pregnant heifers as early as Day 16 of gestation – although whether or not these 

miRNAs originated from extracellular vesicles is not known (Ioannidis and Donadeu 2016). 

Burns and colleagues reported the differential abundance of miRNAs and protein in 

microvesicles of uterine flushes from pregnant and cycling ewes on Day 14 of gestation 

(Burns et al., 2014). These authors did not specifically designate these ovine microvesicles 

as true extracellular vesicles, although their size and protein profile support such a 

hypothesis. Indeed, a follow up study provided evidence that extracellular vesicles produced 

from the trophectoderm and uterine epithelia in the pregnant ewe are involved in 

intercellular communication (Burns et al. 2016).

In the current study, differences in the abundance of circulating extracellular vesicle-derived 

miRNAs were identified between pregnant and embryonic-mortality cows. A total of 194 

and 211 miRNAs from Days 17 and 24 of gestation, respectively, were mapped to the 

reference genome. A notable number of miRNAs were present in higher abundance from 

either control or embryonic-mortality cows compared to pregnant animals on Day 17. By 

comparison, 27 miRNAs were specific to cycling (non-pregnant) ewes compared to one 

unique miRNA in the uterine flushings of pregnant ewes on Day 14 (Burns et al. 2014), 

which correlates with what we observed in circulation. Given that placental products or 

pregnancy-specific products, such as pregnancy-associated glycoproteins, are detectable in 

maternal circulation quite early during pregnancy (Pohler et al. 2013; Pohler et al. 2016), we 

hypothesized that circulating, pregnancy-specific miRNAs would also be evident at Day 17 

or Day 24. This was not the case for circulating, extracellular vesicle-derived miRNAs in 

cattle.

Extracellular vesicles can act as intercellular transfer vehicles for miRNAs (Valadi et al. 

2007; Raposo and Stoorvogel 2013). Chevillet and colleagues demonstrated that, on average, 

most extracellular vesicles actually carry less than a single copy of miRNA (0.00825±0.02 

miRNAs per extracellular vesicle) (Chevillet et al. 2014), indicating that multiple 

extracellular vesicles, with the same miRNA cargo, would be required to influence the 

biological function of target cells. This stoichiometry highlights a model that novel miRNAs 

for the detection of pregnancy or embryonic mortality may actually decrease instead of 

increase in abundance due to how the miRNAs are utilized. If each extracellular vesicle 

indeed carries less than a single miRNA, then the large differences we observed in miRNA 

between the pregnant, embryonic-mortality, and control samples suggest that these particular 
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miRNAs are biologically relevant. Three miRNAs (miR-25, -16a/b, and -3596) were more 

abundant in the Day-17 embryonic-mortality group compared to both the pregnant and 

control groups. Specifically, miR-25 was previously shown to be highly expressed in fetal 

tissue (Coutinho et al. 2007), but the relevance of this observation is unclear because its 

ability to traverse the fetal/maternal interface is unknown. The biological significant of an 

increase in miR-25 abundance in embryonic-mortality cows could indicate early embryonic 

death or a systemic response to pregnancy loss. Pathway analysis indicated that the changes 

to specific miRNAs in embryonic-mortality versus pregnant animals could affect the up-

regulation of a pathway involving Prostaglandin-endoperoxide synthase 2, which is the rate-

limiting enzyme for prostaglandin production (Bazer 2013). Thus, we hypothesize that these 

embryonic mortality-specific miRNAs may be dispersed to increase prostaglandin 

production, leading to corpus luteum regression. Identifying the source of these miRNA-

containing extracellular vesicles as well as understanding how they are packaged and 

shuttled within circulating need to be closely examined to clarify the biological significance 

of extracellular vesicle-mediated transfer of miRNA, as reported for biologically active 

extracellular vesicles carrying functional miRNA, mRNA, and proteins in cancers and viral-

resistant placentas (Skog et al. 2008; Delorme-Axford et al. 2013; Morello et al. 2013).

The bovine extracellular vesicles that we harvested from each experimental group contained 

a large number of small RNA species (< 200 nt) across treatment groups. These data are 

consistent with evidence in humans that synctiotrophoblast cells produce extracellular 

vesicles containing miRNAs that are found in maternal circulation (Luo et al. 2009) as well 

as extracellular vesicles containing miRNAs in ovine uterine flushings (Burns et al. 2014). 

Profiles of microvesicles clearly indicate that miRNAs are not the sole small RNAs present 

in extracellular vesicles or microvesicles (Burns et al., 2014). Other small RNAs (all <200 nt 

in length) – such as Piwi-interacting RNAs, small-interfering RNAs, and repeat-associated 

RNAs – were shown to associate with spermatogenesis and to function in early embryonic 

development (He et al. 2009; Krawetz et al. 2011). Such small RNAs can direct protein 

binding at specific nucleotide bases, thereby providing sequence-specific regulation at the 

transcriptional, chromatin, or post-transcriptional levels (Pillai 2005; Carthew 2006; Ambros 

and Chen 2007).

The roles of miRNAs in biological systems are the most clearly defined, especially in 

regards to the epigenetic modification of gene transcription (Kim et al. 2008; Valeri et al. 

2009; Khraiwesh et al. 2010). miRNAs are highly conserved across species, and thus the 

function of a miRNA in one species can often be applied to another (Massirer and 

Pasquinelli 2006). Although the present study identified specific miRNAs that differed in 

abundance between pregnant and non-pregnant groups, their exact function and/or source 

remain unclear. One model we hypothesize is that these specific miRNAs result from 

processes leading to pregnancy establishment or embryonic mortality, including 

inflammation, a maternal immune response, or maternal recognition of pregnancy. 

Expression of interferon-stimulated genes in white blood cells increases up from Days 16 to 

20 (Gifford et al. 2007; Stevenson et al. 2007; Green et al. 2010), and extracellular vesicle-

derived miRNA can be produced and released from white blood cells (Marques-Rocha et al. 

2016; Pugholm et al. 2016). Therefore, one potential source of the extracellular vesicle-
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derived miRNAs identified in this study is the population of inflammatory white blood cells 

present on Days 17 and 24 of gestation.

Results of this study support the idea that extracellular vesicle-derived miRNAs may provide 

a useful biomarker for reproduction related fields. Validation of the identified, differentially 

abundant miRNAs needs to be evaluated in larger cohorts to determine the robustness of the 

biomarkers and to move the technology to a high throughput platform for the diagnosis of 

early pregnancy success or embryonic mortality. Achieving such an assay that allows for 

detection of individual miRNA and that distinguishes between pregnant and embryonic-

mortality animals will greatly advance our understanding of early pregnancy establishment 

and embryonic mortality.

Materials and Methods

Treatment

The University of Missouri Institutional Animal and Care and Use Committee approved all 

animal experimental procedures. Estrous cycles of post-partum, suckled beef cows (n=44), 

from the University of Missouri Beef Research and Teaching Farm, were synchronized with 

the 7-day CO-synch plus controlled internal drug release (CIDR) synchronization protocol 

(Figure 6): 100 μg of Gonadotropin-releasing hormone in 2 ml (Cystorelin) (Merial, Duluth, 

GA, USA), injected intramuscularly, and an Eazi-Breed CIDR insert containing 1.38 g 

progesterone (Zoetis, New York, NY, USA) on Day -9; 25 mg Prostaglandin F2α in 5 ml 

(Lutalyse) (Zoetis, New York, NY, USA), injected intramuscularly; CIDR removal on Day 

-2; a second injection of 100 μg Gonadotropin-releasing hormone in 2 ml (Cystorelin) 

(Merial, Duluth, GA, USA), 66 h after Prostaglandin F2α; and finally artificial insemination 

on Day 0. The same sire was used to inseminate all cows; 36 cows were inseminated with 

live sperm and 8 control cows were inseminated with dead sperm. Control cows received 

dead semen (motility was no longer present) to ensure that all animals were exposed to the 

same seminal plasma and sperm, since both are known to contain miRNAs.

Control cows received a CIDR on Day 17 to maintain a similar level of progesterone as in 

the cows that established pregnancy; this insert was present from Days 17 to 30, the period 

of pregnancy diagnosis, to maintain a similar level of progesterone as the cows that 

established pregnancy from Days 17 to 30. This was done because the control cows would 

normally regress the functional corpus luteum around Day 17 of the estrous cycle. Cows in 

the live-sperm artificial insemination group were subsequently divided into two groups 

following the Day 30 pregnancy diagnosis: pregnant group (pregnancy established and 

maintained to Day 30; n=17) and embryonic-mortality group (pregnancy established, but not 

maintained to Day 30; n=19). Embryo mortality was distinguished from failure to conceive 

by the positive detection of increased expression of interferon-stimulated genes (ISG15 
[Interferon-stimulated protein, 15 kDa], MX2 [Myxovirus resistance 2], or OAS1 [2′-5′-

Oligoadenylate Synthetase 1]) (Green et al., 2010) on Day 17 compared to Day 0, but no 

embryo was present on Day 30. Embryos were detected on Day 30 by transrectal ultrasound, 

and were deemed alive by visualization of an embryonic/fetal heartbeat. Control cows 

included in the experiment exhibited either a decrease or no change in transcript abundance 

of interferon-stimulated genes from Days 0 to 17 of gestation. This specific control group 
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was included to compare the circulating extracellular vesicle-derived miRNAs in cows that 

could not have conceived with the pregnant or embryonic-mortality groups (Figure 5).

Blood Collection

All cows were bled at the time of artificial insemination (Day 0), Day 17, and Day 24. Blood 

serum and plasma samples were harvested by venipuncture into a 10-ml vacutainer tube 

(Becton, Dickinson, and Company, Franklin Lakes, New Jersey, USA) and a 10-ml ethylene 

diamine triacetic acid (EDTA)-treated vacutainer tube (Becton, Dickinson, and Company), 

respectively. The serum tube was allowed to clot at room temperature for 1 hour before 

being placed in a 4°C refrigerator for approximately 24 hours. Serum was collected 

following centrifugation, and stored at −80°C until measurement of progesterone or 

extracellular vesicle extraction. The plasma sample was immediately placed on ice, where it 

remained until centrifugation. Plasma was decanted, and white blood cells were collected by 

buffy coat extraction (Stevenson et al. 2007). White blood cells were harvested on Days 0 

and 17.

Progesterone Assays

Serum progesterone concentrations were quantified by radioimmunoassay with a Coat-a-

Count RIA kit (Diagnostic Products Corporation, Los Angeles, CA), as described previously 

by Kirby et al. (1997). Intra-assay coefficients of variations were 4.82%, and the assay 

sensitivity was 0.08 ng/ml for the progesterone assay. Serum concentrations were analyzed 

using SAS 9.4 PROC GLM package.

White blood cell RNA extraction and cDNA synthesis

White blood cell buffy coats were extracted for RNA using Trizol reagent (Life 

Technologies, Carlsbad, CA, USA) according to the manufacturer’s recommendations. 

Complementary DNA was synthesized from 2 μg of RNA using the PrimeScript™ First 

Strand cDNA Synthesis Kit (item 6110A; lot: AK3101) from Takara Bio Inc. (Shiga, Japan), 

based on the manufacturer’s recommendations.

PCR for interferon-stimulated gene expression

Leukocyte RNA was prepared for PCR with AccuPrime™ Taq: 2.5 μl of AccuPrime™ 

Buffer, 0.5 μl of 60 ng/μl forward and reverse primers (Table 3), 0.5 μl AccuPrime™ Taq 
DNA Polymerase, 21 μl of water, and 0.5 μl of cDNA were used per reaction, as previously 

described (Green et al. 2010). PCR reaction conditions were: 95°C for 2 minutes; 40 cycles 

of 95°C for 30 seconds, 54°C for 20 seconds; 68°C for 4 minutes; and then a hold at 4°C. 

PCR reactions were separated on a 1% agarose gel containing 1 μg/ml ethidium bromide to 

visualize the products. Interferon-stimulated gene expression was then determined by the 

presence or absence of product (ISG15 [Interferon-stimulated protein, 15 kDa], MX2 
[Myxovirus resistance 2], or OAS1 [2′-5′-Oligoadenylate Synthetase 1]). RPL7 (Ribosome 

protein L7) was used as a positive control for all samples.
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Extracellular vesicle isolation

Extracellular vesicles were isolated from 2 ml of serum on Days 17 and 24, following a 

modified protocol (Théry et al. 2006; Hung and Leonard 2015). Samples from each cow and 

time point were handled individually and never pooled. Each 2-ml sample was centrifuged 

for 10 min at 300×g to remove any cellular debris. Cleared supernatant was added to 

ultracentrifuge tubes (Beckman Coulter 347357), and an additional 2.5 ml of phosphate-

buffered saline (PBS) was added to each sample. Samples were subsequently spun at 

2000×g for 20 minutes at 4°C, and the resultant supernatant was transferred into fresh ultra-

centrifuge tubes, and spun again at 18,000×g for 45 minutes at 4°C. Supernatant from this 

spin was filtered through a Millex GP 0.22-μm filter into a new ultra-centrifuge tube using a 

5-ml insulin syringe. The filter was rinsed with PBS, and the tubes were balanced with PBS. 

Samples were centrifuged at 110,000×g for 3 h at 4°C. A visible white pellet could be seen 

for each of the samples in the tubes after this 3-h spin. Pellets were rinsed with PBS and 

spun for an additional 90 min at 110,000×g. Cleaned pellets were suspended in 50 μl of 

PBS; 5 μl was saved for Western blot analysis and nanoparticle tracking while the remainder 

was used for RNA extraction, as described below.

Western Blot Analysis

Purified extracellular vesicles were suspended in 40 μl of M-PER (Thermo Scientific) with 

HALT protease inhibitor cocktail (Thermo Scientific) for 15 minutes on a tube rotator at 

room temperature. Lysates were mixed with Laemmli sample buffer (31.5 mM Tris-HCl, pH 

6.8; 10% glycerol; 5% β-mercaptoethanol; 1% SDS; 0.01% bromophenol blue), denatured at 

95°C for 5 min, and separated by denaturing gel electrophoresis on 12% polyacrylamide 

gels at a constant voltage of 150 V for approximately 60 minutes in 1× running buffer (25 

mM Tris, 192 mM glycine, 0.1% SDS). Protein was transferred at 100 V for 60 minutes to 

0.45 μm Protran BA 85 nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK) in 

Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). Membranes were 

placed for 1 hour at room temperature in blocking buffer (Tris-buffered saline, 5% non-fat 

dry milk, 0.1% Tween 20) before incubation for 1 hour at 4°C with primary anti-CD81 

antibody (Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:20,000 in blocking buffer 

(Mathivanan et al. 2010). Membranes were washed with TBS containing 0.1% Tween 20 

(TBST) before incubation for 1 hour at room temperature with horseradish peroxidase-

conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology, Dallas, TX, 

USA), diluted 1:10,000 dilution. Membranes were then washed with excess TBST, and 

incubated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) for 

3 minutes prior to imaging with a ChemiDoc MP system and Image Lab 4.1 software 

(BioRad, Hercules, CA).

Nanoparticle tracking analysis

Quantification of nanoparticles was conducted according to the method reported by 

Navakanitworakul et al. (2016). All nanoparticle quantification was performed on a 

NanoSight LM-10HS (Malvern Instruments Ltd, Worcestershire, UK). Prior to 

quantification, aliquots were diluted to approximately 1–8×108 per millimeter to conduct the 

analysis. For quantification purposes, 3 videos were recorded for 60 seconds and 
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subsequently analyzed using the Nanosight NTA 2.4 software (Malvern Instruments Ltd, 

Worcestershire, UK). All samples were quantified in triplicate. Data were then analyzed 

using SAS 9.4 PROC GLM package.

MiRNA extraction

Extraction of RNA was performed with Trizol reagent, based on the manufacturer’s 

recommendations. The quantity and quality of small RNAs were evaluated on a small RNA 

Labchip kit (Agilent Technologies) using an Agilent 2100 Bioanalyzer, according to the 

manufacture’s recommendations.

miRNA sequencing

All miRNA sequencing was performed on the Illumina HiSeq2500 system at the University 

of Kansas Medical Center - Genomics Core (Kansas City, KS). Extracellular vesicle RNA 

(ranging from 1.8–100 ng) was used to initiate the TruSeq Small RNA library preparation 

protocol (Illumina#RS200-0012 kit A). The extracellular vesicle RNA was ligated with 3ʹ 
and 5ʹ RNA adapters, followed by a modified reverse-transcription reaction and PCR 

amplification. Due to low starting quantities of RNA, reversed transcription of the RNA 

adapter-ligated samples performed in duplicate reactions each containing 6 μl of the 3ʹ- or 

5ʹ-ligated RNA. The 12.5 μl yield of each duplicate reverse transcription reaction was 

pooled to obtain 25 μl of homogeneous cDNA. The subsequent PCR amplification, with 

index adapter incorporation, was modified by replacing 8.5 μl of ultra-pure water in the PCR 

master mix with 8.5 μl of the pooled cDNA (21 μl total). The modified PCR reaction was 

performed with 15 cycles of amplification.

Size selection and purification of the cDNA libraries were conducted using 3% marker H gel 

cassettes on the Pippin Prep size fractionation system (Sage Science). The Agilent 2100 

Bioanalyzer was used with the High Sensitivity DNA kit (Agilent #5067-4626) or the 

DNA1000 kit (Agilent #5067-1504) to validate the purified libraries. Libraries were 

quantified on the Illumina ECO Real-Time PCR System using KAPA SYBR Universal 

Library Quant kit - Illumina (KAPA Biosystems KK4824). Quantified libraries were then 

adjusted to a 2 nM concentration, and pooled for multiplex sequencing. Libraries were 

denatured and diluted to the appropriate picomolar concentration (based on quantitative PCR 

results), followed by clonal clustering onto the sequencing flow cell using the TruSeq Rapid 

Single Read Cluster Kit-HS (Illumina GD402-4001). Clonal clustering was performed using 

the automated Illumina cBOT Cluster Station. The clustered flow cell was sequenced on an 

Illumina HiSeq 2500 Sequencing System in Rapid Read mode, with a 1×50 cycle read and 

index read, using the TruSeq Rapid SBS kit-HS (Illumina FC402-4002). Sequencing was 

performed to obtain an unbiased global profile of small RNA in the three groups (control, 

embryonic-mortality, and pregnant) on Days 17 and 24. The groups were analyzed in 

biological quadruplicates, giving 24 samples in total. High-throughput sequencing was 

performed at 50-bp, single-end resolution. Following collection, sequence data was 

converted from .bcl file format to FASTQ files, and sorted based on the particular index 

sequence present for further downstream analysis. All sequence data was deposited into 

Gene Expression Omnibus for public access (SRP110030).
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Processing of Small RNA Data

The strategy for mapping and identification of known and novel miRNAs was previously 

validated (Navakanitworakul et al. 2016). After 3′ adapter removal, the sequencing reads 

were mapped using Bowtie2 software (Langmead and Salzberg 2012), in the local-sensitive 

mode, to the bovine genome (assembly UMD3.1). The mapped reads were further processed 

as follows: The reads from all 24 samples were merged and scanned for high-density 

regions, defined as a contiguous region whose read count at each base is not less than 20% 

of the highest base read count for the locus. These high-density regions formed the effective 

region of the locus, and its length was its effective length. Loci with an effective length ≥18 

bp were retained. The number of reads mapped to the effective region in each sample formed 

the effective read counts. Loci were further filtered on their normalized effective read counts 

(normalized to the number of counts per million reads [cpm]), retaining only those loci with 

a cpm ≥10 in all 4 replicate samples in at least one of the six biological conditions. The 

distribution of these loci (miRNA) across the different biological conditions is shown in 

Table 1. These loci were used for down-stream analysis.

The effective regions were annotated for genomic features from the Ensemble gene 

annotation file for bovine (release 70) and miRBase (release 21). Effective regions that 

mapped to annotated bovine mature miRNAs were first identified; the remaining effective 

regions were compared to known miRNAs from both bovine and other species found in 

miRBase (release 21). A region was labeled as a miRNA by homology if it passed the 

following criteria: a gapless alignment of the effective region to the mature reference 

miRNA with at most 2 mismatches in the core, at most 1 gap per mismatch at the 5′ and 3′ 
ends, and less than 10% mismatches in the alignment of the reference hair-pin sequence to 

the extended locus region in the genome. Novel, computationally identified miRNAs were 

validated based on the criteria that the extended effective region should have a predicted pre-

miRNA-like hairpin structure (Jiang et al. 2007) with the effective region falling in the stem 

region with at least 80% pairing (Navakanitworakul et al. 2016).

Generalized linear models developed for multi-group experiments, available from the edgeR 

software package (Robinson et al. 2010), were used to determine significantly differently 

expressed miRNA between the different conditions. For differential expression analysis, 

miRNA had to have a cpm ≥10 in all 4 replicate samples in at least one of the two groups 

being compared. The edgeR package employs advance empirical Bayes methods to estimate 

miRNA-specific biological variation under minimal levels of biological replication. The 

RNA composition in each sample was normalized in edgeR using the trimmed mean of M-

values method. The associated p-values were corrected for multiple-hypothesis testing 

(false-discovery rate) by the Benjamini and Hochberg method (Benjamini and Hochberg 

1995). Absolute expression differences ≥1.5 with a false-discovery rate ≤ 0.1 were 

considered significant.

Biological Functional Analysis

The biological functions associated with differentially abundant miRNA in Day-17 pregnant 

versus embryonic-mortality samples were obtained using Ingenuity Systems Pathway 

analysis (www.ingenuity.com) software. Ingenuity Pathway Analysis (IPA) consists of a 
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comprehensive knowledge base of known molecular interactions, including miRNAs, and 

computes an enrichment score for different biological functions based on the uploaded 

genes. Knowledge base of IPA is confined to information on gene and gene products of 

human, mouse, or rat, so the bovine miRNA references were converted to their best-match 

human or mouse homologs before uploading to IPA. Enriched biological functions for a set 

of miRNA is inferred by the p-value of the measure of likelihood of the overlap of target 

miRNA and the genes in the relevant biological function calculated using the right tailed 

Fisher’s exact test. Biological functions with an associated p-value ≤0.05 were considered 

enriched for the target miRNA.

Quantitative PCR

Small RNAs isolated, as described above and previously used for Illumina sequencing, was 

polyadenylated, followed by cDNA synthesis using a poly-T primer with a 3′ degenerate 

anchor and a 5′ universal tag (Exiqon miRCURY LNA™ System), according to 

manufacturer’s recommendations. The cDNA template was then amplified using miRNA-

specific and Locked nucleic acid (LNA)™- enhanced forward and reverse primers using 

SYBR Green detection in an ABI 7300 real time PCR machine. Exiqon LNA miRNA primer 

sets were used to amplify miRNA sequences (Catalog # 204306, 2114063, 204361, 206037); 

reactions without template were used as negative controls. Threshold measurements were set 

in the linear region of the amplification plot above the baseline, and quantification cycles 

were determined based on the cycle number in which the threshold line intersected the 

amplification line (Ambros and Chen 2007). The LNA-specific control primer SNORD 49A 

(#203904) was used as the reference gene in all reactions for data normalization. This 

specific control primer was also screened in the sequenced data and confirmed to not change 

across all samples. Abundance values were calculated using the mean (2−ΔΔCt) of the 

SNORD 49A reference in the control samples, which were considered as baseline, and the 

mean Ct values of the target miRNAs. Quantitative PCR results were analyzed using SAS 

9.4 PROC GLM package.
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Figure 1. 
PCR of Interferon-stimulated genes. Representative gel showing PCR products of ISG15 
(Interferon-stimulated gene 15) on Day 0 and 17 of gestation. Cows assigned to the pregnant 

and embryonic-mortality groups had low and increased interferon-stimulated gene transcript 

abundance on Day 0 and Day 17 of gestation, respectively; conversely, control cows had 

non-detectable or low interferon-stimulated gene transcript abundance on both days. Positive 

control lane (+) is also shown for amplicon size.
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Figure 2. 
Evaluation of isolated extracellular vesicles and associated RNA. (a) Representative Western 

blot showing the presence of CD81, a well characterized marker, in serum-derived 

extracellular vesicles (EVs) from a cow assigned to the pregnant group, compared to 

negative (−) and positive (+) controls. All extracellular vesicle samples isolated from the 

pregnant, embryonic-mortality, and control groups possessed CD81. (b) Agilent 

electropherogram profiles of small RNAs extracted from circulating extracellular vesicles. 

The base pair length [nt] (x-axis) is plotted against the fluorescence units [FU] (y-axis). Note 

the clustering of RNA species below 60 bp in all samples.
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Figure 3. 
Percentage of small non-coding RNAs obtained from circulating extracellular vesicles. 

These data were aggregated from all cows, and are based on mapping criteria.

Pohler et al. Page 18

Mol Reprod Dev. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Detection of known extracellular vesicle-derived miRNA by reverse-transcription 

quantitative PCR in pregnant and embryonic-mortality cow. Four miRNAs identified by 

deep sequencing were tested at Day 17 of gestation. Three miRNAs (miR-16b, -25, and 

-3596) were significantly different in relative abundance between embryonic-mortality and 

pregnant cows (P<0.05); one (miR-100) was not validated by reverse-transcription 

quantitative PCR (data not shown).
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Figure 5. 
Biological function analysis of the 27 known miRNA that were differentially abundant 

between the embryonic-mortality and pregnant groups. (a) The differentially abundant 

miRNAs between the embryonic-mortality and pregnant groups are associated with 

significant up-regulation of the 12 listed functions on Day 17. (b) Network analysis showing 

the relationship of these differentially abundant miRNAs in relation to their significant 

targets
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Figure 6. 
Experimental design. Lactating beef cows (n =44) were synchronized with the Co-synch + 

controlled internal drug release (CIDR) protocol. Administration of gonadotropin-releasing 

hormone (GnRH) and CIDR on Day -9; prostaglandin F2α (PGF) on Day -2; and fixed timed 

artificial insemination and GnRH administration on Day 0. Cows were divided into two 

groups: those artificially inseminated (AI) with live sperm (n=36) or receiving dead sperm 

(n=8). Control cows received a CIDR from Day 17 until Day 24 of gestation to maintain 

elevated circulating concentrations of progesterone. Blood (BS) was collected on Days 0, 17, 

and 24. Pregnancy status was determined by transrectal ultrasound (US) on Days 30 and 56 

of gestation.
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Table 3

Gene, GeneBank Number, primer sequence (forward and reverse primer; 5′ to 3′) and location of the primer 

within the Genebank sequence for genes amplified during PCR and qPCR.

Gene GeneBank Primer Primer Sequence Primer location

ISG15 174366 Forward 5′-CAGCCAACCAGTGTCTGCAGAGA-3′ 14–36

Reverse 5′-CCAGGATGGAGATGCAGTTCTGC-3′ 284–306

MX2 173941 Forward 5′-CTTCAGAGACGCCTCAGTCG-3′ 2071–90

Reverse 5′-TGAAGCAGCCAGGAATAGTG-3′ 2283–02

OAS1 001040606 Forward 5′-ACCCTCTCCAGGAATCCAGT-3′ 1157–76

Reverse 5′-GATTCTGGTCCCAGGTCTGA-3′ 1336–55

RPL7 001014928 Forward 5′-AGGATGGCACGAAAAGCCGGT-3′

Reverse 5′-TCGAACCTTTGGGCTCACACCA-3′
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