
UC Davis
UC Davis Previously Published Works

Title
Non-Coding RNA Sequencing of Equine Endometrium During Maternal Recognition of 
Pregnancy

Permalink
https://escholarship.org/uc/item/6c46735d

Journal
Genes, 10(10)

ISSN
2073-4425

Authors
Klohonatz, Kristin M
Coleman, Stephen J
Cameron, Ashley D
et al.

Publication Date
2019

DOI
10.3390/genes10100821
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6c46735d
https://escholarship.org/uc/item/6c46735d#author
https://escholarship.org
http://www.cdlib.org/


genes
G C A T

T A C G

G C A T

Article

Non-Coding RNA Sequencing of Equine
Endometrium During Maternal Recognition
of Pregnancy

Kristin M. Klohonatz 1, Stephen J. Coleman 1 , Ashley D. Cameron 1, Ann M. Hess 2,
Kailee J. Reed 1, Angela Canovas 3, Juan F. Medrano 3, Alma D. Islas-Trejo 3, Ted Kalbfleisch 4,
Gerrit J. Bouma 5 and Jason E. Bruemmer 1,6,*

1 Department of Animal Sciences, Colorado State University, Fort Collins, CO 80523, USA;
kmk5057@gmail.com (K.M.K.); stephen.coleman@colostate.edu (S.J.C.); adcamero@gmail.com (A.D.C.);
kailee.reed@colostate.edu (K.J.R.)

2 Department of Statistics and Bioinformatics, Colorado State University, Fort Collins, CO 80523, USA;
ann.hess@colostate.edu

3 Department of Animal Science, University of California Davis, Davis, CA 95616, USA;
acanovas@uoguelph.ca (A.C.); jfmedrano@ucdavis.edu (J.F.M.); adislas@ucdavis.edu (A.D.I.-T.)

4 Department of Veterinary Science, Gluck Equine Research Center, University of Kentucky,
Lexington, KY 40503, USA; ted.kalbfleisch@uky.edu

5 Department of Biomedical Sciences, Animal Reproduction and Biotechnology Laboratory,
Colorado State University, Fort Collins, CO 80523, USA; gerrit.bouma@colostate.edu

6 Department of Animal Sciences, 259 Animal Sciences, 1171 Campus Delivery Colorado State University,
Fort Collins, CO 80523, USA

* Correspondence: jason.bruemmer@colostate.edu; Tel.: +(970)-491-8409

Received: 6 August 2019; Accepted: 10 October 2019; Published: 18 October 2019
����������
�������

Abstract: Maternal recognition of pregnancy (MRP) in the mare is not well defined. In a non-pregnant
mare, prostaglandin F2α (PGF) is released on day 14 post-ovulation (PO) to cause luteal regression,
resulting in loss of progesterone production. Equine MRP occurs prior to day 14 to halt PGF
production. Studies have failed to identify a gene candidate for MRP, so attention has turned to small,
non-coding RNAs. The objective of this study was to evaluate small RNA (<200 nucleotides) content
in endometrium during MRP. Mares were used in a cross-over design with each having a pregnant
and non-mated cycle. Each mare was randomly assigned to collection day 11 or 13 PO (n = 3/day)
and endometrial biopsies were obtained. Total RNA was isolated and sequencing libraries were
prepared using a small RNA library preparation kit and sequenced on a HiSeq 2000. EquCab3 was
used as the reference genome and DESeq2 was used for statistical analysis. On day 11, 419 ncRNAs,
representing miRNA, snRNA, snoRNA, scaRNA, and vaultRNA, were different between pregnancy
statuses, but none on day 13. Equine endometrial ncRNAs with unknown structure and function
were also identified. This study is the first to describe ncRNA transcriptome in equine endometrium.
Identifying targets of these ncRNAs could lead to determining MRP.

Keywords: equine; pregnancy; maternal recognition of pregnancy; embryo; non-coding RNA;
endometrium

1. Introduction

Early pregnancy in the mare is a process that is still not well defined. Specifically, the signal for
maternal recognition of pregnancy (MRP) remains a mystery. The equine embryo does not attach
to the endometrium until approximately day 35 post-ovulation (PO). Therefore, the communication
between the embryo and the endometrium occurs without any attachment of the two. During the estrous
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cycle, if the endometrium fails to recognize a viable embryo, it produces prostaglandin F2α (PGF)
on day 14 PO to cause regression of the corpus luteum (CL) [1,2]. The corpus luteum is necessary
during pregnancy to produce progesterone. There may be the presence of a conceptus, but this does
not necessarily mean that the mare will be pregnant or undergo maternal recognition of pregnancy
(such as with concomitant inflammation/aneuploidy) [3].

The hormonal profile of both pregnant and non-pregnant mares is the same until day 14 PO [2].
In the non-pregnant mare, when no embryo is recognized, oxytocin is produced by both the posterior
pituitary gland and endometrium. Endometrial receptors bind the oxytocin, which ultimately causes
the production and release of more oxytocin, resulting in the production of PGF [1].

In a pregnant mare, fertilization occurs in the oviduct and the conceptus enters the uterus on
day 6 by releasing prostaglandin E2 (PGE) around day 4 [4]. When the embryo enters the uterus,
it is surrounded by an acellular glycoprotein capsule, a feature that is unique to equine and rabbit
embryos [5,6]. At this point, the embryo is mobilized throughout the entire uterus by uterine
contractions [7]. This mobility is necessary in order to signal MRP [8,9]. Maximum mobility occurs
between days 11–14, then ceases movement by day 16 when the embryo becomes fixed in a single
location, but does not attach or invade [7]. Maternal recognition of pregnancy occurs during the time
frame when the embryo is most mobile (days 11–14) [10]. It is thought that this embryo mobility
impacts focal adhesion molecules on the endometrium, leading to MRP [11,12]. If a mare is pregnant,
MRP occurs, and the endometrium will not produce or release PGF, therefore allowing the CL and its
progesterone production to be sustained, indicating that MRP in the mare is antiluteolytic [7,10,13].

Previous experiments have tested the signals for MRP in other species, such as estradiol (pigs)
and Interferon tau (cows), on the mare, but these result in no changes in equine luteal function [14,15].
Studies have progressed to evaluating gene expression within the endometrium, but no obvious gene
candidates have been uncovered [11,16–18]. Recent studies in our laboratory have identified that
the content, specifically miRNAs, of serum exosomes differ between pregnant and non-pregnant mares
during MRP [19]. The source and function of these miRNAs are unknown, but due to their difference
based on pregnancy status it could be hypothesized that they are of endometrial origin. A more recent
study in our lab utilized RNA sequencing to evaluate coding RNA in equine endometrium during
maternal recognition of pregnancy based upon pregnancy status [12]. An interesting result was that
what appeared to be a large number of transcripts underwent alternative splicing during this time
frame. These studies raised interest in evaluating the small non-coding RNA content in endometrium
during MRP.

Small non-coding RNAs (ncRNAs), which are less than 200 nucleotides long, do not code for protein
and are typically involved in the regulation of RNA processing and function [20]. We hypothesized
that endometrial ncRNA content would be altered in relation to pregnancy status. The objective of
this study was to identify small ncRNAs, focusing mainly on miRNAs, and their temporal expression
changes in equine endometrium during maternal recognition of pregnancy via RNA sequencing.

2. Materials and Methods

2.1. Care and Management of Mares

Horse use was approved by the Colorado State University Institutional Animal Care and Use
Committee. Mares (n = 6 total) were housed in group pens at the Colorado State University Bud
and Jo Adams Equine Reproduction Laboratory (Fort Collins, CO, USA). Horses were maintained on
a dry lot and fed a grass–alfalfa hay mix with free choice mineral and salt supplement. Mares were
used in a paired, cross-over design where each mare had a pregnant and non-pregnant (non-mated)
cycle for their specified collection day. Mares were randomly assigned to a collection day (day 11 or 13
post-ovulation, n = 3 per day). Mares were monitored via transrectal palpation and ultrasonography
to track their follicular development every other day. To obtain samples from a pregnant mare, once
a follicle reached 35 mm in diameter, or larger, the mare was inseminated with at least 500 × 106
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progressively motile sperm from a stallion. Different stallions were utilized, but all with proven fertility.
Mares were then monitored via transrectal ultrasonography every day and inseminated every other
day until ovulation (day 0).

On the mare’s assigned day, she was evaluated via transrectal ultrasonography to confirm
pregnancy status by visualization of an embryonic vesicle. Endometrial samples were obtained via
a trans-cervical biopsy punch, followed by a terminal uterine lavage to again confirm pregnancy status [21].
After endometrial sample collection, the mare received a luteolytic dose of PGF (Estrumate, Merck Animal
Health, 250 mcg per dose) and the subsequent estrous cycle was used for the non-pregnant (non-mated)
cycle. After endometrial sample collection, the sample was rinsed in DPBS/Modified 1X (Hyclone
Laboratories, Logan, UT) and stored at −80 ◦C until further analysis.

2.2. RNA Isolation and Quantification

Total RNA from the endometrium was extracted using the mirVana miRNA Isolation kit
(Invitrogen, Carlsbad, CA, USA) at the University of California-Davis. Briefly, samples were homogenized
in lysis/binding buffer. MiRNA homogenate additive was added to the lysate and incubated for 10 min
on ice. Acid-Phenol:Chloroform was added to the lysate, vortexed, and centrifuged at 10,000 × g for
5 min. The sample was then separated into three distinct phases (RNA, DNA, and protein). The top,
aqueous RNA phase was transferred to a new 1.7 mL tube for RNA purification. Ethanol was added to
the RNA phase solution and then passed through a filter provided by Invitrogen. The filters were then
washed with miRNA wash solution and eluted in the Elution Solution. RNA purity and quantification
were assessed using the NanoDrop Spectrophotometer ND-1000 (Thermo Scientific, Wilmington, DE).
Samples were used for PCR analysis if they had 260/280 and 260/230 values above 1.7.

2.3. RNA Sequencing

Libraries were prepared at the University of California-Davis using the Illumina TruSeq Small
RNA Library Preparation kit (Illumina, San Diego, CA, USA) and 1 µg of Total RNA from each sample,
following the manufacturer’s protocol. Briefly, adapters were ligated, and samples were reverse
transcribed to cDNA. Each sample was amplified with a specified barcoded PCR primer for identification
purposes. Samples were pooled and run out on a DNA gel, and the region of 147–157 nucleotides was
excised and isolated from the gel. This represented the small RNA that was to be sequenced. After gel
extraction, the samples were suspended in 10 mM Tris-HCl, pH 8.5. Libraries were evaluated for
quality with a Bioanalyzer (Agilent, Santa Clara, CA) and sent to the University of California-Berkeley
for sequencing using a HiSeq 2000 sequence analyzer (Illumina, San Diego, CA, USA). Sequences are
available in the NCBI sequence read archive under BioProject PRJNA545717.

2.4. Bioinformatic Analysis

Bioinformatic analysis was performed on the Galaxy web platform [22] and used the public
server at usegalaxy.org. Sequence quality was assessed by FastQC, and results were aggregated
and evaluated using MultiQC [23,24]. Trimmomatic was utilized to remove the adapter sequence
and low-quality sequence [25]. Reads were aligned to EquCab3.0 ncRNA FASTA from Ensembl
(version 96) and transcripts quantified using Salmon [26–28]. Count data (number of reads from
Salmon) were analyzed within each day, comparing samples from pregnant mares to non-pregnant
mares utilizing DESeq2 within R [29]. To be considered for analysis, reads were present in at least two
out of the three replicates in at least one of the two groups (P + or NP). Data were normalized internally
using DESeq2’s median of ratios method. Benjamini–Hochberg false discovery rate adjustment was
used. Significance was assessed at p ≤ 0.05.
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3. Results

3.1. Sequencing Results

Quality control assessment indicated that reads had a high adapter content. Based upon these
results, the 50 base pair reads were trimmed to 23 base pairs for all samples. Samples generated,
on average, 10,288,100 reads (ranging from 2,713,658 to 17,261,023).

3.2. Small RNA Transcript Analysis

Overall, there were 8370 non-coding RNAs identified in the equine endometrium on day 11
and 3984 on day 13. Of the ncRNA identified in the endometrium, 3653 were present on both days 11
and 13. On day 11, there were 419 differentially expressed small non-coding RNAs (ncRNAs; p ≤ 0.05)
between samples from pregnant and non-pregnant mares. Only 16 of these ncRNAs were more abundant
in samples from pregnant mares (3.8%), and 403 were more abundant in samples from non-pregnant
mares (96.2%). These 419 ncRNAs represented multiple families of ncRNA, including miRNA
(microRNA), snRNA (small nuclear RNA), snoRNA (small nucleolar RNA), and scaRNA (small Cajal
body-specific RNA; Figure 1). Only 123 transcripts were identified as specific ncRNAs; the remaining
296 were identified as ncRNAs in the horse, but with unknown structure or function by Ensembl
(version 96). The largest family of known ncRNA represented in this study was our focus, miRNA
(58 out of 419 differentially expressed ncRNA). Table 1 contains the top 20 most significant known
ncRNA in our dataset. Supplemental Table S1 contains the complete list of differentially expressed
ncRNAs on day 11.

Table 1. Top 20 differentially expressed non-coding RNA in the endometrium on day 11 with
known structure.

Feature ID ncRNA Name ncRNA
Description

Day 11P+
Average

Day 11NP
Average Day 11 p-Value

ENSECAT00000029757 U109 snoRNA 1 71,765 2.1E-07
ENSECAT00000028132 U1 snRNA 0 21,351 5.4E-07
ENSECAT00000032319 eca-mir-9109 miRNA 9 15,762 6.3E-07
ENSECAT00000055936 eca-mir-8986b miRNA 448 0 1.1E-06
ENSECAT00000027602 eca-mir-323 miRNA 11 39,904 1.2E-06
ENSECAT00000027815 SNORA69 snoRNA 49 36,277 6.7E-06
ENSECAT00000028354 MIR15B miRNA 81 39,222 9.2E-06
ENSECAT00000032694 U6 snRNA 0 4866 1.5E-05
ENSECAT00000027790 MIR137 miRNA 2 2916 1.6E-05
ENSECAT00000027318 SNORA2B snoRNA 4 5177 1.7E-05
ENSECAT00000028446 SNORD65 snoRNA 20 9278 1.7E-05
ENSECAT00000029752 SCARNA17 scaRNA 16 5915 2.3E-05
ENSECAT00000029923 eca-mir-9080 miRNA 13 5718 4.4E-05
ENSECAT00000028257 SNORA71 snoRNA 22 8449 4.4E-05
ENSECAT00000027964 eca-mir-652 miRNA 24 9678 4.4E-05
ENSECAT00000028540 SNORA12 snoRNA 2 1924 4.6E-05
ENSECAT00000028054 MIR1306 miRNA 15 4741 5.1E-05
ENSECAT00000027873 eca-mir-582 miRNA 3 2342 1.0E-04
ENSECAT00000028318 SNORA36A snoRNA 48 12,262 1.3E-04
ENSECAT00000027279 SNORD59A snoRNA 246 38,612 1.8E-04

This table breaks down the significant (p ≤ 0.05) ncRNA with known structure and function in the endometrium on
day 11 ranked based upon significance. The average represents the average number of reads determined during
Salmon analysis. Non-coding RNA names bolded indicate they were more highly expressed in samples from
pregnant mares.

Of the 419 significant differentially expressed ncRNAs on day 11, 7 were present only in samples
from pregnant mares (2 miRNAs and 5 unknown ncRNAs) and 175 were present only in samples
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from non-pregnant mares (2 miRNAs, 2 snRNAs, 1 snoRNA, and 170 unknown ncRNAs). On day 13,
there were no differences in ncRNA expression between the two sample groups.

This table breaks down the significant (p ≤ 0.05) ncRNAs with known structure and function
in the endometrium on day 11 ranked based upon significance. The average represents the average
number of reads determined during Salmon analysis. Non-coding RNA names bolded indicate they
were more highly expressed in samples from pregnant mares.

Genes 2019, 10, x FOR PEER REVIEW 5 of 10 

 

This table breaks down the significant (p ≤ 0.05) ncRNA with known structure and function in the 
endometrium on day 11 ranked based upon significance. The average represents the average number 
of reads determined during Salmon analysis. Non-coding RNA names bolded indicate they were 
more highly expressed in samples from pregnant mares. 

 

Figure 1. Distribution of differentially expressed families of ncRNA in endometrial samples on day 
11 from both pregnant and non-pregnant mares. This figure represents the families of ncRNA 
differentially expressed (p ≤ 0.05) in endometrial samples on day 11. 

4. Discussion 

These are the first sequence data to investigate small ncRNA in equine endometrium during 
maternal recognition of pregnancy. Non-coding RNA transcripts, like miRNA, were once considered 
part of the genome’s “junk” DNA, which was believed to be non-functional in terms of transcription. 
Even though they do not code for proteins, miRNAs have critical roles as post-transcriptional 
regulators of protein-coding gene expression impacting the mRNA abundance of up to 60% of 
protein-coding genes in mammals [30]. This study identified many different families of ncRNA, 
including miRNA, snRNA, and snoRNA. Each of these families plays an essential role in the post-
transcriptional regulation of gene expression.  

MicroRNAs are short single-stranded RNAs, approximately 22 nucleotides in length [31], that 
represent a highly conserved subset of ncRNA across species. The majority of miRNAs are 
transcribed by RNA polymerase II as primary-miRNA (pri-miRNA) transcripts [32]. Drosha and 
DGCR8 then cleave the pri-miRNA into 70 nucleotide stem–loop precursor miRNAs (pre-miRNA) 
while the RNA is still in the nucleus [33]. The pre-miRNA is then exported out of the nucleus into the 
cytoplasm, where it is cleaved by the Dicer complex [33]. The Dicer complex cleaves the stem–loop 
into double-stranded miRNA, which is then loaded onto an AGO protein [34]. The AGO protein 
unwinds the duplex and loads the guide strand of the mature miRNA onto the RNA-induced 
silencing complex (RISC) [34]. This guide miRNA then guides RISC to the target mRNA [34]. In many 
instances, one miRNA binds multiple different mRNAs due to imperfect complementary base pairing 
to the target sites in the 3’ untranslated regions [35]. This binding destabilizes the mRNAs and usually 
results in the degradation of the mRNAs.  

In this study, miRNAs were one of the top families of ncRNA identified in the endometrium. 
Endometrium on day 11 contained 58 significantly differentially expressed miRNAs. Interestingly, 
the majority (54 out of 58) of miRNAs were more highly abundant in samples from non-pregnant 
mares. Of the four miRNAs that were more abundant in samples from pregnant mares, all have been 
previously described. Eca-mir-8986b has not been identified in equine endometrium, but it is present 
in microvesicles secreted from amniotic mesenchymal cells [36]. Microvesicles act as a vehicle for 
transport of nucleic acids, lipids, and proteins from cell to cell in a form of communication [37,38]. 
Eca-mir-1291a has previously been described in the equine epididymis [39]. Beyond this 
identification, eca-mir-1291a has not been identified anywhere else in the body in both horse and 

Figure 1. Distribution of differentially expressed families of ncRNA in endometrial samples on day 11
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4. Discussion

These are the first sequence data to investigate small ncRNA in equine endometrium during
maternal recognition of pregnancy. Non-coding RNA transcripts, like miRNA, were once considered
part of the genome’s “junk” DNA, which was believed to be non-functional in terms of transcription.
Even though they do not code for proteins, miRNAs have critical roles as post-transcriptional regulators
of protein-coding gene expression impacting the mRNA abundance of up to 60% of protein-coding
genes in mammals [30]. This study identified many different families of ncRNA, including miRNA,
snRNA, and snoRNA. Each of these families plays an essential role in the post-transcriptional regulation
of gene expression.

MicroRNAs are short single-stranded RNAs, approximately 22 nucleotides in length [31],
that represent a highly conserved subset of ncRNA across species. The majority of miRNAs are transcribed
by RNA polymerase II as primary-miRNA (pri-miRNA) transcripts [32]. Drosha and DGCR8 then cleave
the pri-miRNA into 70 nucleotide stem–loop precursor miRNAs (pre-miRNA) while the RNA is still
in the nucleus [33]. The pre-miRNA is then exported out of the nucleus into the cytoplasm, where it
is cleaved by the Dicer complex [33]. The Dicer complex cleaves the stem–loop into double-stranded
miRNA, which is then loaded onto an AGO protein [34]. The AGO protein unwinds the duplex and loads
the guide strand of the mature miRNA onto the RNA-induced silencing complex (RISC) [34]. This guide
miRNA then guides RISC to the target mRNA [34]. In many instances, one miRNA binds multiple
different mRNAs due to imperfect complementary base pairing to the target sites in the 3’ untranslated
regions [35]. This binding destabilizes the mRNAs and usually results in the degradation of the mRNAs.

In this study, miRNAs were one of the top families of ncRNA identified in the endometrium.
Endometrium on day 11 contained 58 significantly differentially expressed miRNAs. Interestingly,
the majority (54 out of 58) of miRNAs were more highly abundant in samples from non-pregnant
mares. Of the four miRNAs that were more abundant in samples from pregnant mares, all have been
previously described. Eca-mir-8986b has not been identified in equine endometrium, but it is present
in microvesicles secreted from amniotic mesenchymal cells [36]. Microvesicles act as a vehicle for
transport of nucleic acids, lipids, and proteins from cell to cell in a form of communication [37,38].
Eca-mir-1291a has previously been described in the equine epididymis [39]. Beyond this identification,
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eca-mir-1291a has not been identified anywhere else in the body in both horse and other species.
Eca-mir-19a has previously been identified in extracellular vesicles in bovine antral follicles [40].
Mir-19a is also an inhibitor of suppressors of cytokine signaling (SOCS), which inhibit the Janus
kinase–signal transducer and activator of transcription (JAK–STAT) pathway [41–43]. JAK–STAT
signaling mediates cell proliferation and inflammation [44]. While it has not been identified in equine
endometrium, eca-mir-539 is enriched in microvesicles in equine follicular fluid [45]. It is also present
in the equine epididymis [39].

There were 54 miRNAs that were more abundant in endometrial samples from non-pregnant
mares. Out of the 54, 3 had an unknown function and 31 were equivalent to human miRNAs. Those 31
miRNAs were evaluated with DIANAmiR Path to determine KEGG pathways they were targeting [46].
The top pathways protein processing in endoplasmic reticulum, adherens junctions, hippo signaling
pathway, and the cell cycle. Table 2 contains the top 20 processes and their p-values. Supplemental
Table S2 contains all of gene ontology categories targeted.

Table 2. Twenty most significant KEGG Pathways.

KEGG Pathway p-Value

Protein processing in endoplasmic reticulum 1.54E-12
Proteoglycans in cancer 3.66E-12

Adherens junction 1.97E-11
Viral carcinogenesis 1.97E-11

Hippo signaling pathway 2.06E-08
p53 signaling pathway 3.44E-07

Cell cycle 3.74E-07
Renal cell carcinoma 4.62E-07

Pancreatic cancer 1.06E-06
Ubiquitin mediated proteolysis 1.54E-06

Neurotrophin signaling pathway 1.54E-06
TGF-beta signaling pathway 2.25E-06

Prostate cancer 2.25E-06
Epstein–Barr virus infection 2.25E-06

Pathways in cancer 2.25E-06
Glioma 2.77E-06

mRNA surveillance pathway 4.95E-06
Chronic myeloid leukemia 5.02E-06

Hepatitis B 5.02E-06
Endocytosis 6.27E-06

In a previous study, we evaluated serum exosome miRNA content in relation to pregnancy status
and identified differentially expressed miRNAs between samples from pregnant and non-pregnant
mares [19]. We compared those miRNAs to the miRNAs identified in the present study. While the serum
exosome miRNAs are present in the endometrium on either both days (11 and 13) or just day 11 or
day 13, none were significantly more expressed in samples from either pregnant or non-pregnant
mares. This leads to the question of the source of the serum miRNA, and it is undetermined whether
the endometrial miRNAs are from the serum or are the serum exosomal miRNAs from the endometrium.

Another family of ncRNA that was represented in this study was small nuclear RNAs or snRNAs.
They have well-defined functions in mRNA splicing and 3′-end formation [47]. Small nuclear RNAs are
approximately 150 nucleotides in length and are transcribed by RNA polymerase II or III [47]. They are
also components of the spliceosome to participate in pre-mRNA processing [48]. In this study,
snRNAs represented 13 of the significant ncRNA in the endometrium on day 11. Only one of these
ncRNAs were more abundant in samples from pregnant mares, and the remaining 11 were more
abundant in samples from non-pregnant mares. The snRNA that is more abundant in samples
from pregnant mares is in the family of U5 snRNA [49]. U5 snRNAs are involved in both the first
and second catalytic steps in pre-mRNA processing [50]. Of the 12 snRNAs that are more abundant in
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samples from non-pregnant mares, 7 are in the U6 family, 3 are in the U1 family, and 2 are in the U2
family. U6 snRNAs are involved in the 5’ splice site choice [51]. U1 snRNAs function to protect
pre-mRNAs from premature cleavage [52]. These snRNAs may be responsible for the alternative
splicing that was identified in our previous study [12].

The next largest family of ncRNA identified in this study was small nucleolar RNAs,
or snoRNAs. Small nucleolar RNAs are mainly involved in controlling ribosome biogenesis by
guiding the modification or processing of pre-rRNA [53]. There are two main classes of snoRNA,
C/D box and H/ACA box. C/D box snoRNAs are primarily associated with methylation modifications,
and H/ACA box snoRNAs are primarily associated with pseudouridylation [53]. All small nucleolar
RNAs can also be processed into smaller fragments that participate in RNAi [54]. All snoRNAs identified
in this dataset were more abundant in samples from non-pregnant mares. Also identified in this
dataset were scaRNAs (small Cajal body-specific RNA), which are a class of snoRNA. Small Cajal
body-specific RNAs are the modification guide RNAs for spliceosomal snRNAs [55].

In conclusion, this project was the first study to describe the small ncRNA transcriptome in
equine endometrium. There were many novel ncRNA transcripts identified that need to be evaluated
further. While differential expression of ncRNA was identified in samples from day 11, by day 13,
there no transcripts with differential expression between samples from pregnant and non-pregnant
mares. This suggests that by day 13, most mRNA control from ncRNAs associated with MRP may
be concluded. Small RNAs have a robust role in modifying transcription and understanding these
ncRNAs and their targets further could lead to identifying the mechanism for maternal recognition of
pregnancy in the horse.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/10/821/s1:
Table S1: All significant ncRNAs (p ≤ 0.05; known and unknown) in equine endometrium from pregnant
and non-pregnant mares on day 11 post-ovulation; Table S2: All Kegg pathways associated with the differentially
expressed miRNA on day 11 that were more abundant in samples from non-pregnant mares.

Author Contributions: Conceptualization, J.E.B., G.J.B., and J.F.M; data curation K.M.K., S.J.C., A.D.I.-T., A.M.H.,
K.J.R., A.C., and T.K.; formal analysis, K.M.K., S.J.C., A.M.H., K.J.R., G.J.B., J.E.B.; resources J.F.M., M.G.T., J.E.B.;
supervision, S.J.C., G.J.B. and J.E.B.; writing-original draft preparation, K.M.K., S.J.C., A.M.H., G.J.B., and J.E.B.;
writing-review and editing, K.M.K., S.J.C., A.D.I.-T., J.F.M., A.M.H., T.K., K.J.R., A.D.C., G.J.B., and J.E.B.

Funding: Portions of this research were funded by The Preservation of Equine Genetics program at Colorado
State University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McCracken, J.A.; Custer, E.E.; Lamsa, J.C. Luteolysis: A neuroendocrine-mediated event. Physiol. Rev. 1999,
79, 263–323. [CrossRef] [PubMed]

2. Sharp, D.C.; Thatcher, M.J.; Salute, M.E.; Fuchs, A.R. Relationship between endometrial oxytocin receptors
and oxytocin-induced prostaglandin F2 alpha release during the oestrous cycle and early pregnancy in pony
mares. J. Reprod. Fertil. 1997, 109, 137–144. [CrossRef] [PubMed]

3. Rambags, B.P.; Krijtenburg, P.J.; Drie, H.F.; Lazzari, G.; Galli, C.; Pearson, P.L.; Colenbrander, B.; Stout, T.A.
Numerical chromosomal abnormalities in equine embryos produced in vivo and in vitro. Mol. Reprod. Dev.
2005, 72, 77–87. [CrossRef] [PubMed]

4. Allen, W.R.; Stewart, F. Equine placentation. Reprod. Fertil. Dev. 2001, 13, 623–634. [CrossRef] [PubMed]
5. Betteridge, K.J.; Eaglesome, M.D.; Mitchell, D.; Flood, P.F.; Beriault, R. Development of horse embryos up to

twenty two days after ovulation: Observations on fresh specimens. J. Anat. 1982, 135, 191–209.
6. Denker, H.W. Structural dynamics and function of early embryonic coats. Cells Tissues Organs 2000,

166, 180–207. [CrossRef]
7. Ginther, O.J. Mobility of the early equine conceptus. Theriogenology 1983, 19, 603–611. [CrossRef]
8. McDowell, K.J.; Sharp, D.C.; Grubaugh, W.; Thatcher, W.W.; Wilcox, C.J. Restricted conceptus mobility results

in failure of pregnancy maintenance in mares. Biol. Reprod. 1988, 39, 340–348. [CrossRef]

http://www.mdpi.com/2073-4425/10/10/821/s1
http://dx.doi.org/10.1152/physrev.1999.79.2.263
http://www.ncbi.nlm.nih.gov/pubmed/10221982
http://dx.doi.org/10.1530/jrf.0.1090137
http://www.ncbi.nlm.nih.gov/pubmed/9068425
http://dx.doi.org/10.1002/mrd.20302
http://www.ncbi.nlm.nih.gov/pubmed/15948165
http://dx.doi.org/10.1071/RD01063
http://www.ncbi.nlm.nih.gov/pubmed/11999314
http://dx.doi.org/10.1159/000016732
http://dx.doi.org/10.1016/0093-691X(83)90180-2
http://dx.doi.org/10.1095/biolreprod39.2.340


Genes 2019, 10, 821 8 of 10

9. Ginther, O.J. Internal regulation of physiological processes through local venoarterial pathways: A review.
J. Anim. Sci. 1974, 39, 550–564. [CrossRef]

10. Leith, G.S.; Ginther, O.J. Characterization of intrauterine mobility of the early equine conceptus. Theriogenology
1984, 22, 401–408. [CrossRef]

11. Klohonatz, K.M.; Nulton, L.C.; Hess, A.M.; Bouma, G.J.; Bruemmer, J.E. The role of embryo contact and focal
adhesions during maternal recognition of pregnancy. PLoS ONE 2019, 14, e0213322. [CrossRef] [PubMed]

12. Klohonatz, K.M.; Coleman, S.J.; Islas-Trejo, A.D.; Medrano, J.F.; Hess, A.M.; Kalbfleisch, T.; Thomas, M.G.;
Bouma, G.J.; Bruemmer, J.E. Coding RNA sequencing of equine endometrium during maternal recognition
of pregnancy. Genes (Basel) 2019, 10. [CrossRef] [PubMed]

13. Stout, T.A.; Allen, W.R. Role of prostaglandins in intrauterine migration of the equine conceptus. Reproduction
2001, 121, 771–775. [CrossRef]

14. Baker, C.B.; Adams, M.H.; McDowell, K.J. Lack of expression of alpha or omega interferons by the horse
conceptus. J. Reprod. Fertil. Suppl. 1991, 44, 439–443.

15. Bazer, F.W.; Thatcher, W.W. Theory of maternal recognition of pregnancy in swine based on estrogen
controlled endocrine versus exocrine secretion of prostaglandin F2alpha by the uterine endometrium.
Prostaglandins 1977, 14, 397–400. [CrossRef]

16. Klein, C.; Scoggin, K.E.; Ealy, A.D.; Troedsson, M.H. Transcriptional profiling of equine endometrium during
the time of maternal recognition of pregnancy. Biol. Reprod. 2010, 83, 102–113. [CrossRef]

17. Klohonatz, K.M.; Hess, A.M.; Hansen, T.R.; Squires, E.L.; Bouma, G.J.; Bruemmer, J.E. Equine endometrial gene
expression changes during and after maternal recognition of pregnancy. J. Anim. Sci. 2015, 93, 3364–3376. [CrossRef]

18. Tachibana, Y.; Nakano, Y.; Nagaoka, K.; Kikuchi, M.; Nambo, Y.; Haneda, S.; Matsui, M.; Miyake, Y.;
Imakawa, K. Expression of endometrial immune-related genes possibly functioning during early pregnancy
in the mare. J. Reprod. Dev. 2013, 59, 85–91. [CrossRef]

19. Klohonatz, K.M.; Cameron, A.D.; Hergenreder, J.R.; da Silveira, J.C.; Belk, A.D.; Veeramachaneni, D.N.;
Bouma, G.J.; Bruemmer, J.E. Circulating miRNAs as potential alternative cell signaling associated with
maternal recognition of pregnancy in the mare. Biol. Reprod. 2016, 95, 124. [CrossRef]

20. He, L.; Hannon, G.J. MicroRNAs: Small RNAs with a big role in gene regulation. Nat. Rev. Genet. 2004,
5, 522–531. [CrossRef]

21. Kenney, R.M. Cyclic and pathologic changes of the mare endometrium as detected by biopsy, with a note on
early embryonic death. J. Am. Vet. Med. Assoc. 1978, 172, 241–262.

22. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.;
Gruning, B.A.; et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses:
2018 update. Nucleic Acids Res. 2018, 46, W537–W544. [CrossRef]

23. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data; Babraham Bioinformatics:
Cambrige, UK, 2010.

24. Ewels, P.; Magnusson, M.; Lundin, S.; Kaller, M. MultiQC: Summarize analysis results for multiple tools
and samples in a single report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

25. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef]

26. Kalbfleisch, T.S.; Rice, E.S.; DePriest, M.S., Jr.; Walenz, B.P.; Hestand, M.S.; Vermeesch, J.R.; Brendan, L.O.C.;
Fiddes, I.T.; Vershinina, A.O.; Saremi, N.F.; et al. Improved reference genome for the domestic horse increases
assembly contiguity and composition. Commun. Biol. 2018, 1, 197. [CrossRef]

27. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon provides accurate, fast, and bias-aware
transcript expression estimates using dual-phase inference. bioRxiv 2016, 021592. [CrossRef]

28. Hunt, S.E.; McLaren, W.; Gil, L.; Thormann, A.; Schuilenburg, H.; Sheppard, D.; Parton, A.; Armean, I.M.;
Trevanion, S.J.; Flicek, P.; et al. Ensembl variation resources. Database (Oxford) 2018. [CrossRef]

29. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014, 15, 550. [CrossRef]

30. Catalanotto, C.; Cogoni, C.; Zardo, G. MicroRNA in Control of gene expression: An overview of nuclear
functions. Int. J. Mol. Sci. 2016, 17. [CrossRef]

31. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Biol. 2009,
10, 126–139. [CrossRef]

http://dx.doi.org/10.2527/jas1974.393550x
http://dx.doi.org/10.1016/0093-691X(84)90460-6
http://dx.doi.org/10.1371/journal.pone.0213322
http://www.ncbi.nlm.nih.gov/pubmed/30835748
http://dx.doi.org/10.3390/genes10100749
http://www.ncbi.nlm.nih.gov/pubmed/31557877
http://dx.doi.org/10.1530/rep.0.1210771
http://dx.doi.org/10.1016/0090-6980(77)90185-X
http://dx.doi.org/10.1095/biolreprod.109.081612
http://dx.doi.org/10.2527/jas.2014-8826
http://dx.doi.org/10.1262/jrd.2012-142
http://dx.doi.org/10.1095/biolreprod.116.142935
http://dx.doi.org/10.1038/nrg1379
http://dx.doi.org/10.1093/nar/gky379
http://dx.doi.org/10.1093/bioinformatics/btw354
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1038/s42003-018-0199-z
http://dx.doi.org/10.1101/021592
http://dx.doi.org/10.1093/database/bay119
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.3390/ijms17101712
http://dx.doi.org/10.1038/nrm2632


Genes 2019, 10, 821 9 of 10

32. Lee, Y.; Kim, M.; Han, J.; Yeom, K.H.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA genes are transcribed by
RNA polymerase II. EMBO J. 2004, 23, 4051–4060. [CrossRef]

33. Kim, Y.K.; Kim, V.N. Processing of intronic microRNAs. EMBO J. 2007, 26, 775–783. [CrossRef]
34. Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human Argonaute2 mediates

RNA cleavage targeted by miRNAs and siRNAs. Mol. Cell 2004, 15, 185–197. [CrossRef]
35. Chendrimada, T.P.; Finn, K.J.; Ji, X.; Baillat, D.; Gregory, R.I.; Liebhaber, S.A.; Pasquinelli, A.E.; Shiekhattar, R.

MicroRNA silencing through RISC recruitment of eIF6. Nature 2007, 447, 823–828. [CrossRef]
36. Lange-Consiglio, A.; Lazzari, B.; Pizzi, F.; Stella, A.; Girani, A.; Quinte, A.; Cremonesi, F.; Capra, E. Different

culture times affect microRNA cargo in equine amniotic mesenchymal cells and their microvesicles. Tissue Eng.
Part. C Methods 2018, 24, 596–604. [CrossRef]

37. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013,
200, 373–383. [CrossRef]

38. Yanez-Mo, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.;
Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell
Vesicles 2015, 4, 27066. [CrossRef]

39. Twenter, H.M.; Belk, A.D.; Klohonatz, K.M.; Bass, L.D.; Bouma, G.J.; Bruemmer, J.E. An investigation into
miRNAs in the equine epididymis as potential regulators of spermatozoal maturation. J. Equine Vet. Sci.
2017, 48, 61–68. [CrossRef]

40. Navakanitworakul, R.; Hung, W.T.; Gunewardena, S.; Davis, J.S.; Chotigeat, W.; Christenson, L.K.
Characterization and small RNA content of extracellular vesicles in follicular fluid of developing bovine
antral follicles. Sci. Rep. 2016, 6, 25486. [CrossRef]

41. Stark, G.R.; Darnell, J.E., Jr. The JAK-STAT pathway at twenty. Immunity 2012, 36, 503–514. [CrossRef]
42. O’Shea, J.J.; Plenge, R. JAK and STAT signaling molecules in immunoregulation and immune-mediated

disease. Immunity 2012, 36, 542–550. [CrossRef]
43. Croker, B.A.; Kiu, H.; Nicholson, S.E. SOCS regulation of the JAK/STAT signalling pathway. Semin. Cell

Dev. Biol. 2008, 19, 414–422. [CrossRef]
44. Rawlings, J.S.; Rosler, K.M.; Harrison, D.A. The JAK/STAT signaling pathway. J. Cell Sci. 2004, 117, 1281–1283.

[CrossRef]
45. da Silveira, J.C.; Veeramachaneni, D.N.; Winger, Q.A.; Carnevale, E.M.; Bouma, G.J. Cell-secreted vesicles in

equine ovarian follicular fluid contain miRNAs and proteins: A possible new form of cell communication
within the ovarian follicle. Biol. Reprod. 2012, 86, 71. [CrossRef]

46. Vlachos, I.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.;
Dalamagas, T.; Hatzigeorgiou, A.G. DIANA-miRPath v3.0: Deciphering microRNA function with
experimental support. Nucleic Acids Res. 2015, 43, W460–W466. [CrossRef]

47. Matera, A.G.; Terns, R.M.; Terns, M.P. Non-coding RNAs: Lessons from the small nuclear and small nucleolar
RNAs. Nat. Rev. Mol. Cell Biol. 2007, 8, 209–220. [CrossRef]

48. Delpu, Y.; Larrieu, D.; Gayral, M.; Arvanitis, D.; Dufresne, M.; Cordelier, P.; Torrisani, J. Noncoding
RNAs: Clinical and therapeutic applications. In Drug Discovery in Cancer Epigenetics; Elsevier: Amsterdam,
The Netherlands, 2016; pp. 305–326.

49. Weinberg, Z.; Ruzzo, W.L. Faster genome annotation of non-coding RNA families without loss of accuracy.
In Proceedings of The Eighth Annual International Conference on Resaerch in Computational Molecular
Biology, San Diego, CA, USA, 27–31 March 2004; pp. 243–251.

50. Newman, A.J. The role of U5 snRNP in pre-mRNA splicing. EMBO J. 1997, 16, 5797–5800. [CrossRef]
51. Kandels-Lewis, S.; Seraphin, B. Role of U6 snRNA in 5′splice site selection. Science 1993, 262, 2035–2039.

[CrossRef]
52. Kaida, D.; Berg, M.G.; Younis, I.; Kasim, M.; Singh, L.N.; Wan, L.; Dreyfuss, G. U1 snRNP protects

pre-mRNAs from premature cleavage and polyadenylation. Nature 2010, 468, 664–668. [CrossRef]
53. Cuthbert, J.M.; Russell, S.J.; White, K.L.; Benninghoff, A.D. The maternal-to-zygotic transition in bovine

in vitro-fertilized embryos is associated with marked changes in small non-coding RNAs. Biol. Reprod. 2018,
100, 331–350. [CrossRef]

http://dx.doi.org/10.1038/sj.emboj.7600385
http://dx.doi.org/10.1038/sj.emboj.7601512
http://dx.doi.org/10.1016/j.molcel.2004.07.007
http://dx.doi.org/10.1038/nature05841
http://dx.doi.org/10.1089/ten.tec.2018.0205
http://dx.doi.org/10.1083/jcb.201211138
http://dx.doi.org/10.3402/jev.v4.27066
http://dx.doi.org/10.1016/j.jevs.2016.07.023
http://dx.doi.org/10.1038/srep25486
http://dx.doi.org/10.1016/j.immuni.2012.03.013
http://dx.doi.org/10.1016/j.immuni.2012.03.014
http://dx.doi.org/10.1016/j.semcdb.2008.07.010
http://dx.doi.org/10.1242/jcs.00963
http://dx.doi.org/10.1095/biolreprod.111.093252
http://dx.doi.org/10.1093/nar/gkv403
http://dx.doi.org/10.1038/nrm2124
http://dx.doi.org/10.1093/emboj/16.19.5797
http://dx.doi.org/10.1126/science.8266100
http://dx.doi.org/10.1038/nature09479
http://dx.doi.org/10.1093/biolre/ioy190


Genes 2019, 10, 821 10 of 10

54. Scott, M.S.; Ono, M. From snoRNA to miRNA: Dual function regulatory non-coding RNAs. Biochimie 2011,
93, 1987–1992. [CrossRef]

55. Deryusheva, S.; Gall, J.G. scaRNAs and snoRNAs: Are they limited to specific classes of substrate RNAs?
RNA 2019, 25, 17–22. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biochi.2011.05.026
http://dx.doi.org/10.1261/rna.068593.118
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Care and Management of Mares 
	RNA Isolation and Quantification 
	RNA Sequencing 
	Bioinformatic Analysis 

	Results 
	Sequencing Results 
	Small RNA Transcript Analysis 

	Discussion 
	References



