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ABSTRACT

The corpus luteum (CL) is a temporary organ that plays a critical role for female fertility by
maintaining the estrous cycle. MicroRNA (miRNA) is a class of non-coding RNAs involved in
various biological processes. However, there exists limited knowledge of the role of miRNA
in yak CL. In this study, we used high-throughput sequencing to study the transcriptome
dynamics of miRNA in yak early (eCL), middle (mCL) and late-stage CL (ICL). A total of 6,730
miRNAs were identified, including 5,766 known and 964 novels miRNAs. Three miRNAs,
including bta-miR-126-3p, bta-miR-143 and bta-miR-148a, exhibited the highest expressions
in yak CLs of all the three stages. Most of the miRNAs were 20-24 nt in length and the peak
was at 22 nt. Besides, most miRNAs with different lengths displayed significant uracil prefer-
ence at the 5-end. Furthermore, 1,067, 280 and 112 differentially expressed (DE) miRNAs
were found in eCL vs. mCL, mCL vs. ICL, and eCL vs. ICL, respectively. Most of the DE
miRNAs were down-regulated in the eCL vs. mCL and eCL vs. ICL groups, and up-regulated
in the mCL vs. ICL group. A total of 18,904 target genes were identified, with 18,843 anno-
tated. Pathway enrichment analysis of the DE miRNAs target genes illustrated that the most
enriched cellular process in each group included pathways in cancer, PI3K-Akt pathway,
endocytosis, and focal adhesion. A total of 20 putative target genes in 47 DE miRNAs were
identified to be closely associated with the formation, function or regression of CL. Three
DE miRNAs, including bta-miR-11972, novel-miR-619 and novel-miR-153, were proved to dir-
ectly bind to the 3-UTR of their predicated target mRNAs, including CDK4, HSD17B1 and
MAPILC3C, respectively. Both of these DE miRNAs and their target mRNAs exhibited
dynamic expression profiles across the lifespan of yak CL. This study presents a general basis
for understanding of the regulation of miRNA on yak CL and also provides a novel genetic
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resource for future analysis of the gene network during the estrous cycle in the yak.

Introduction

The corpus luteum (CL) is a transient endocrine gland
that is formed from an ovulated follicle. The normal
formation, function and regression of CL are critical
for the secretion of steroid hormone and the mainten-
ance of intrauterine pregnancy."? Luteal cells are usu-
ally transformed from ovarian granulosa cells (GCs)
luteinize into luteal cells after ovulation and following
the activation of luteinizing hormone receptor (LH-R)
and this event is referred as luteinization.” Besides,
the development of the CL also involves several other

events such as endothelial cell migration, extracellular
matrix (ECM) remolding and vascularization.
Developing endothelial cells and vessels are observed
in the early stage of CL.>* In the middle luteal phase,
concentrations of several hormones that are necessary
for reproductive regulation, including progesterone,
estradiol, and androstenedione, are reported to reach
their peaks.*”® Among these hormones, progesterone
is the most important as it plays a vital role in the
regulation of the estrous cycle and maintaining preg-
nancy.”® CL regression is also essential for normal
reproductive function. The failure of CL degeneration
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on schedule results in persistent progesterone secre-
tion, follicular development inhibition, estrous cycle
termination and infertility.9’lo Several factors, such as
autophagy, apoptosis, and cytokines are involved in
the regulation of CL regression."' "> Compared with
the early stage, mature endothelial cells, accumulating
extracellular matrix fibers, and stabilized vessels are
observed in the middle and late stage of CL. Besides,
the late stage of CL contains circular regression areas,
since the luteal cells are shrunken and scattered
around the capillaries in this stage."* The dynamic
changes that occur during CL development make it an
ideal tissue for the study of diverse biological proc-
esses, such as cell proliferation, vasculogenesis, cellular
matrix remodeling, steroidogenesis, and apoptosis.
Accompanied by drastic structural changes in tran-
scriptional activity, various molecules participate in
the regulation of CL. MicroRNA (miRNA) is a class
of single-stranded nucleic acids between 18 and 25
nucleotides (nts) in length. miRNAs can regulate gene
expression by base-pairing with complementary
sequences in the 3'-untranslated region (UTR), 5'-
UTR or coding region sequence of target mRNAs and
result in targeted mRNAs degradation or translation
inhibition.">'® The roles of miRNA in the CL have
been widely studied in recent years. In female mice,
mutations in the miRNA-processing enzyme DICER1
caused impaired CL angiogenesis and infertility.
Further studies proved that two miRNAs, miR-17-5p
and let-7b, were responsible for CL angiogenesis by
repressing the expression of the anti-angiogenic factor
tissue inhibitor of metalloproteinase 1 (Timpl).19 In
buffalo CLs, 3,018 miRNAs were identified and the
predicted target genes were associated with various
cellular house-keeping processes such as apoptosis.*
A study on the miRNA transcriptome during the
entire physiological estrous cycle in bovine CL
revealed that 42 miRNAs were differentially expressed
(DE) in the early stage of CL relative to other stages.
Prediction analysis of DE miRNAs revealed that target
genes involved in CL formation, maintenance and
regression.”’  Another study identified 590 luteal
miRNAs in the bovine CL during maternal recogni-
tion of pregnancy and the target genes of DE miRNAs
involved in regulating apoptosis and immune
response.””> Furthermore, many miRNAs have been
reported to be essential in the regulation of CL. In the
mid-cycle of bovine luteal cells, increased concentra-
tions of miR-34a resulted in decreased luteal cell pro-
liferation and increased production of progesterone by
repressing the expression of notch receptor 1 (Notchl)
and YY1 transcription factor (YY1).”® Another

miRNA, miR-29b, was found to promote progesterone
secretion and proliferation of bovine CL cells via
inhibition of oxytocin receptor (OXTR) expression.**
In bovine luteal endothelial cells, miR-221 could
inhibit the expression of Serpin Family E Member 1
(SERPINEI) and promote angiogenic characteristics of
these cells.”

Yak is a unique animal husbandry species that lives
on the Tibetan Plateau and has extremely important
economic values. However, the yak usually has short
estrus duration and low reproductive performance,
which greatly restricts its production.®*” In recent
years, numerous studies have reported the involve-
ment of miRNAs in different organs of yak reproduct-
ive system, such as testis,?® epididymis,29 and
ovary.30’31 However, little is known about the involve-
ment of miRNAs in yak CL even though it plays a
vital role in the regulation of the estrous cycle. This
study aimed to identify and analyze the miRNA tran-
scriptome profile in yak CLs at different stages of the
estrous cycle. The project we performed will provide a
database for further functional analysis of miRNA in
different stages of yak CL.

Materials and methods
Animals and tissue collection

Fresh ovaries from healthy non-pregnant female
Maiwa yaks with similar body sizes and normal
estrous cycles (3-5years old) were collected from a
slaughterhouse in Qingbaijiang Country, Chengdu,
Sichuan Province. All the yaks were observed for
behavioral signs of estrus and the day of standing heat
was designated as day 0. The stage of the estrous cycle
was further determined by assessing the color and
consistency of the uterus and ovary as previously
described.’>** Depending on the day of the estrous
cycle and morphology, CLs were divided into early
(eCL, day 3-4, 10-20 mm in diameter, red and rich in
blood vessels), middle (mCL, day 10-11, 20-30 mm in
diameter and pink with visible blood vessels on the
outside) and late stages (ICL, day 15-16, 10-20 mm in
diameter and was yellow-white with no visible blood
vessels on the outside). Excess tissues around the
ovary were removed and the CL was separated with
RNase-free scissors. A total of nine CLs (n=3 for
each stage) were collected and each tissue was col-
lected from individual animal. Each tissue was then
divided into three pieces according to the needs for
different experiments: one piece was fixed in 4% PFA
for 24hours at room temperature for paraffin-
embedded tissue sections; one piece was cut into small



pieces of 1 x 1 x 0.5cm and placed in centrifuge tubes
containing PBS (PH = 7.4) for progesterone detection;
the rest of the tissue was cut into small pieces and
placed in centrifuge tubes containing RNA laterTM
(Invitrogen, AM7020) for RNA extraction. The tissues
for progesterone detection and RNA extraction were
then frozen rapidly in liquid nitrogen and stored at
—80°C. Sample collection was carried out under the
license in accordance with the Guideline for Care and
Use of Laboratory Animals of China and was per-
formed following the permit guidelines established by
Southwest Minzu University, China.

Histological analysis

Paraffin-embedded samples at different stages of yak
CLs were cut into 5 pm sections. Hematoxylin staining
were performed using a Hematoxylin-eosin staining
kit (Solarbio G1120, Beijing, China) according to the
manufacturer’s instruction. Images of the stained sam-
ples were photographed by using an optical inverted
microscope (Leica DMil, Germany).

Progesterone detection

The tissues at different stages were thawed, homogen-
ized and centrifuged at 3, 000 rpm/min for 20 min at
4°C. The supernatant was then collected and the con-
centration of progesterone was detected by Elisa using
a Bovine PROG ELISA Kit (Ruixin, 72282) according
to the manufacturer’s instruction.

Library preparation for small RNA
(sRNA) sequencing

Total RNA was extracted using Trizol (Invitrogen,
15596026), and agarose gel electrophoresis was per-
formed to determine RNA integrity and eliminate
DNA contamination. RNA purity (OD260/280 and
0OD260/230) was determined using a Nanophotometer
Spectrometer (NanoDrop, ND-2000) and RNA con-
quantified by QUBIT2.0 (Life
Technologies). Library construction was performed
under the guidance of a Small RNA Sample Pre Kit
(Illumina, RS-200-0048). Briefly, the 3’SR and 5’SR
adaptors were ligated and the first chain was subse-
quently synthesized by reverse transcription. After
PCR amplification, target DNA fragments were sepa-
rated by PAGE electrophoresis and the cDNA library
was obtained after gel extraction. At last, PCR prod-
ucts were purified (AMPure XP system) and the

centration was
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quality of sequenced samples was assessed by calculat-
ing probabilities of error for each base-call
using Phred.”

Clustering, sequencing and quality control

Clustering of the index-coded samples was performed
on a cBot Cluster Generation System using a TruSeq
PE Cluster Kit v4-cBot-HS (Illumia) according to the
manufacturer’s instruction. Following cluster gener-
ation, the library preparations were sequenced on an
Mumina platform and single-end reads were gener-
ated. Raw data (raw reads) of fastq format were proc-
essed through in-house perl scripts. In this step, clean
data (clean reads) were obtained by removing the
reads containing the adapter and ploy-N through
cutadaptor (version: 1.91). Low-quality reads from
raw data and reads shorter than 18 nt or longer than
30 nt were also trimmed. At the same time, the quality
score (Q-score), GC-content, and sequence duplica-
tion level of the clean data were calculated. All the
downstream analyses were based on clean data with
high qualities.

Annotation of sRNAs and identification of miRNAs

The clean reads were aligned with Silva (https://www.
arb-silva.de/), GtRNAdb (http://gtrnadb.ucsc.edu/),
Rfam (http://rfam.xfam.org/) and Repbase database
(https://www.girinst.org/repbase/), respectively, using
the HISAT2 (version: 2.0.4) software. Ribosomal RNA
(rRNA), transfer RNA (tRNA), small nuclear RNA
(snRNA), small nucleolar RNA (snoRNA) and other
ncRNA/repeats were filtered. Mapped reads were fur-
ther obtained by comparing the unannotated reads
with the reference genome (Bos_mutus. BosGru_v2.0)
using HISAT2. Then the mapped reads were com-
pared with the known miRNA mature sequence (con-
taining the ranges between 2nt upstream to 5nt
downstream) in the miRBase (v22) database and at
most one mismatch was allowed. These reads were
considered as known miRNAs. Novel miRNAs were
predicated using miRDeep2 based on the structure
and energy of precursor sequences.

Quantification of miRNA expression levels

miRNA expressions were normalized using the TPM
Algorithm. Differential expression analysis was per-
formed by applying the DESeq2 R package (1.10.1).
p Values were adjusted by adopting the Benjamini
and Hochberg’s approach to control the false
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discovery rate. miRNAs with |log2 (Fold Change)
[>1.00 and p value <0.05 were considered to be dif-
ferentially expressed.

Functional annotation of miRNA target gene

Gene function was annotated based on the following
databases: Nr (ftp://ftp.ncbi.nlm.nih.gov/blast/db), Pfam
(http://pfam.xfam.org/), KOG/COG (http://www.ncbi.
nlm.nih.gov/COG/), Swiss-Prot (http://ftp.ebi.ac.uk/pub/
databases/swissprot) and KEGG (https://www.genome.

jp/kegg).

Real-time PCR for miRNA quantitation

Total RNA was extracted using Trizol, and ¢cDNA
synthesis was performed using a miRNA First Strand
cDNA Synthesis Kit (Tailing Reaction) (Sangon
Biotech (Shanghai), B532451) based on the man-
ufacturer’s instruction. The reaction system was as fol-
lows: 10uL 2 x miRNA RT Solution mix, 2puL
miRNA RT Enzyme mix, 2 pL RNA and 6 pL ddH,O.
The reaction was carried out at 37°C for 60 min and
85°C for 5min. Real-time PCR was performed under
the guidance of miRcute Plus miRNA qPCR Detection
Kit (SYBR Green) (TIANGEN, FP401) and 20 uL of
the following PCR reaction mix was added: 10pL
2 x miRcute Plus miRNA Premix (with SYBR&ROX),
0.5 uL 10 uM primers (forward and reverse each), 1 puL
cDNA, and 8puL ddH,0. PCR program consisted of
40 cycles of 95°C for 15min, 94°C for 20s, and 64°C
for 30s. U6 was choosed as the reference gene for
miRNA quantitation. The comparative Ct method
was used to calculate the fold change in gene expres-
sion. All PCR primers were listed in Table S1.

Real-time PCR for mRNA quantitation

cDNA was synthesized by applying a PrimeScript TM
reagent Kit (Takara, RR047A, Osaka, Japan) according
to the manufacturer’s instruction. The Real-time PCR
reaction mixture contained 5pL Real-time PCR
Master (Roche, 04913914001), 0.5uL 10puM primers
(forward and reverse each), 1uL cDNA, and 3uL
ddH,O. PCR program was as follows: 95°C for 3 min,
95°C for 10s, and 60°C for 31s. The second and
third steps were repeated for 40 cycles. Considering
that CL is a temporal gland and undergoes dramatic
changes during the entire estrous cycle, data were nor-
malized against two reference genes, CNOTII and
SUZI12, respectively, as these genes have been proven
to be the optimal reference genes in the CL obtained

from cyclic or pregnant cows.”* The quantification of
the fold change of gene expression was determined
using the comparative Cr method. PCR primers were
listed in Table SI.

Luciferase reporter vector construction

The 3’-UTRs of yak CDK4, HSD17B1 and MAPILC3C
mRNAs that contains the putative miRNA binding
sites were synthesized. These oligonucleotides were
digested with Nhel and Xbal and inserted into the
pmirGLO luciferase reporter vector (GeneCreate
Biotech) at the corresponding restriction sites. The
sequences of inserted fragments verified
by sequencing.

were

Luciferase assay

HEK 293 T cell was transfected using Lipofectamine
2000 (Invitrogen, 11668-027) following the man-
ufacturer’s instruction. Briefly, 5x 10> cells were
plated in a 96-well tissue culture plate the day before
transfection. For each group, 200 ng luciferase reporter
vectors, together with 5pM miRNA mimics or nega-
tive control miRNAs (ReBoBio) were incubated with
0.25 puL Lipofectamine 2000 (Invitrogen, 11668-027)
and transfected into cells. The solution was replaced
with fresh medium after 4hours and the cell lysates
were collected 24hours after transfection. The lucifer-
ase activities were assayed using the Dual-Luciferase
Reporter Assay System (Beyotime, RG027) according
to the manufacturer’s instruction.

Statistical analysis

Statistical analysis was performed using one-way
ANOVA (Tukey’s multiple comparison test). All
experiments were carried out at least three times and
the results were presented as mean+SEM. Statistical
significance was set at p < 0.05.

Results

Small RNA sequence quality assessment and
miRNA identification in yak CLs

The stages of yak CL were assessed by histological
examination and progesterone detection. Hematoxylin
staining and progesterone detection showed that the
eCL, mCL, and ICL displayed different histological
structures and progesterone concentrations (Fig. S1).
RNA quality was assessed using the RNA Integrity
Number (RIN) and samples with RIN scores higher
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Table 1. Evaluation of sequencing data.
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Low Containing
Samples RIN Raw reads Clean reads GC (%) quality ‘N’ reads Length <18 Length >30 Q30 (%)
eCL1 7.9 17,746,308 12,707,726 50.96 0 0 515,198 4,523,384 96.70
eClL2 8.0 16,585,279 14,003,103 51.08 0 0 1,493,178 1,088,998 96.60
eCL3 8.5 18,088,506 16,487,673 49.28 0 0 669,415 931,418 96.86
mCL1 79 14,333,625 11,262,832 49.98 0 0 242,849 2,827,944 96.56
mCL2 7.8 16,880,238 15,461,667 49.46 0 0 439,280 979,291 96.80
mCL3 8.4 12,592,890 11,784,418 49.20 0 0 256,248 552,224 96.98
ICL1 83 18,270,173 16,258,404 49.29 0 0 314,813 1,696,956 96.74
ICL2 9.0 13,988,438 12,209,133 49.78 0 0 813,702 965,603 94.85
ICL3 7.8 13,171,794 12,170,597 49.26 0 0 531,746 469,451 97.07
Average 8.2 15,739,695 13,593,950 49.81 0 0 586,270 1,559,474 96.57

eCL1 to eCL3, mCL1 to mCL2 and ICL1 to ICL3 represented three replicate yak CL samples in early, middle and late stages, respectively. The same

as below.
RIN: The RNA integrity number.
Clean reads: The number of reads with a Q-score of 30 or greater.

Low quality: The number of reads contains more than 20% bases with a Q-score <30.
Containing ‘N’ reads: The number of reads contains at least 10% of the unknown base N.

Q30: The percentage of base calls with a Q-score of 30 or greater.

than 6 were considered to be of high quality.”> Here
the RIN value of nine CL samples was between 7.8
and 9.0 (Table 1), which indicated that the qualities of
these samples were suitable for library construction.
The average raw data and clean data of the nine sam-
ples were 15,739,695+2,222,128 (mean*SD) and
13,593,950 +2,017,618 (mean+SD), respectively. Q-
score is a measure for sequencing accuracy. Base calls
with an average quality Q-score of 30 or greater
means the presence of one incorrect base call or less
in 1,000 and therefore having an error probability
<0.001.°° High quality reads are considered to be
more than 90% reads have an average Q-score
> =30.2" Here more than 94.5% of reads in each sam-
ple had a Q-score higher than 30 and the average Q-
score of the nine samples was 96.57% (Table 1). These
results indicated that the obtained data were of
high quality.

Length distribution analysis showed that the length
of the clean reads mainly ranged between 20 and
24 nt and the peak was at 22nt (Fig. 1A), which was
consistent with the reported length distribution of
miRNA. sRNAs were annotated and classified by
aligning clean reads with different databases. The pro-
portions of unannotated reads containing miRNA
were more than 80% in each sample (Fig. 1B).
Mapped reads were obtained by comparing the unan-
notated reads with the reference genome. Totally,
6,730 miRNAs were obtained, of which 5,766 were
known and 964 were predicted. mCL1 had the least
number of miRNAs (5,347) and eCL3 had the highest
number of miRNAs (6,239). The number of miRNAs
in different samples were listed in Table S2 and the
detailed information of each miRNA was displayed in
Table S3.

The top ten most abundant miRNAs in each stage
were listed (Fig. 1C-E). Notably, most of these
miRNAs displayed higher expression levels across the
entire estrous cycle. Three of them, bta-miR-126-3p,
bta-miR-143 and bta-miR-148a, ranked first in eCL,
mCL, and ICL of yak CL, respectively. On the con-
trary, two miRNAs exhibited varied expression across
the CL cycle. bta-miR-30f, was found to be highly
expressed in the early stage, while bta-miR-26a, was
highly expressed in the subsequent two stages.

Base performance analysis

The base distribution characteristics of miRNAs
between 18 and 25nt were analyzed. For both known
and novel miRNA, more than half of the base sites
displayed wuracil (U) preference (Fig. 2A and B).
miRNAs are reported to display a strong preference
for U at the 5'-end.”” Here we found that both the
known and novel miRNAs with the length between 19
and 25nt displayed U preference at the first base site,
while known and novel miRNAs with the length of
18 nt exhibited adenine (A) and cytosine (C) prefer-
ence at their 5’-ends, respectively (Fig. 2C and D).

Differentially expressed miRNAs in yak CL of
three stages

To identify the potential roles of miRNAs in yak CL,
differentially expressed (DE) miRNAs during the
estrous cycle were investigated. A total of 1,067, 280,
and 112 DE miRNAs were found in eCL vs. mCL,
mCL vs. ICL and eCL vs. ICL, respectively (Table S4).
The expression patterns of all DE miRNAs were dis-
played in volcano plots (Fig. 3A-C) and hierarchical
clustering map (Fig. 3D). Most DE miRNAs were
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Figure 1. Identification of miRNAs in yak CLs at different stages. (A) Annotation classification of small RNAs (sRNAs). The propor-
tion of ribosomal RNA (rRNA), transport RNA (tRNA), nuclear small RNA (snRNA), nucleolar small RNA (snoRNA), repeated sequences
(Rebase) and unannotated RNA (Unannotated) are labeled with different colors, as mentioned in the bottom of the figure. (B) The
length distribution of clean reads in different samples. eCL1 to eCL3, mCL1 to mCL2 and ICL1 to ICL3 represented three replicate
CL samples in early, middle and late stages, respectively. The same as below. (C—E) The top ten most abundant miRNAs at each
stage of yak CL. The miRNAs represented by blue bars are highly expressed at each stage. The miRNAs represented by orange

bars are only highly expressed in only one of the three stages.

down-regulated in eCL vs. mCL (781 of 1,067) and
eCL vs. ICL (88 of 112). While in mCL vs. ICL group,
268 DE miRNAs were up-regulated and only 12 were
down-regulated (Table S4). We listed the top ten DE
miRNAs with the most significant changes in each
group (Fig. 3F-G) and found that most of the
miRNAs were down-regulated in the eCL vs. mCL
group (nine of ten) and eCL vs. ICL group (nine of
ten). In contrast, eight miRNAs were up-regulated
while only two were down-regulated in the mCL vs.
ICL group. Among these DE miRNAs, novel-miR-794
and bta-miR-1246 were down-regulated in both eCL
vs. mCL group and eCL vs. ICL group. Another two
miRNAs, bta-miR-96 and bta-miR-183, displayed dra-
matic decreased expressions from the eCL to mCL
stage, and then a significant increasing trend from the
mCL to ICL stage (Fig. 3F-G).

To validate the expression profiles of DE miRNAs,
six DE miRNAs with different expression trends,

including bta-miR-101, bta-miR-432, bta-miR-451, bta-
miR-6522, novel-miR-98, and novel-miR-701,
selected and their expressions were detected by real-
time PCR. Consistent expression trends from both real-
time PCR and miRNA-seq for all the selected miRNAs
confirmed the reliability of sequencing data (Table 2).

were

Function analyses of DE miRNAs target genes

DE miRNAs target genes were predicted by miRanda
(version:v3.3a) and Targetscan (version:6.0). A total of
18,904 target genes were identified, and 18,843 were
annotated from NR, Swiss-Prot, COG, KEGG, KOG or
Pfam database (Table S5). The numbers of annotated
target genes for DE miRNAs in eCL vs. mCL, eCL vs.
ICL, and mCL vs. ICL were 13,003, 9,280, and 7,937,
respectively. KEGG (Kyoto Encyclopedia of Genes and
Genomes) database is an important public database
used to analyses of gene enrichment”® The DE
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miRNAs target genes were classified based on the types
of cellular KEGG pathways (Table S6). The top ten
pathways enrichment of genes targeted by at least three
DE miRNAs in each group were displayed and the top
three pathway included pathways in cancer (ko05200),
PI3K-Akt pathway (ko04151), endocytosis (ko04144),
and focal adhesion (ko04510) (Fig. 4).

Identification of DE miRNA target genes related to
yak CL

A total of 20 target genes for 47 DE miRNAs were
found to be associated with the development, function
or regression of CL (Table 3). These genes were divided
into three groups: ten genes were associated with CL
development through the regulation of cell proliferation
(cyclin-dependent kinase 2 (CDK2) and CDK4), GC
luteinization (class II major histocompatibility complex
(MHC-II) and dipeptidyl peptidase 4 (DPP4)), endothe-
lial cell migration (sphingosine-1-phosphate receptor 1
(SIPRI), SIPR3 and SIPR5), vasculogenesis (SIPR5 and
vasohibin-1(VASHI)), and ECM remodeling (bone
morphogenetic protein 2 (BMP2). Six genes were
involved in progesterone production, including MIR,

scavenger receptor class B member 1 (SR-BI), estradiol
17-beta-dehydrogenase 1 (HSDI17BI), hydroxysteroid
11-beta dehydrogenase 2 (HSDIIB2), glucocorticoid
receptor (GR), and peroxisome proliferator-activated
receptor delta (PPARD), and six genes were related to
CL regression by regulating apoptosis (caspase 2
(CASP2), BCL2 like 1 (BCL2L1I)), autophagy (autophagy
related 3 (ATG3) and microtubule associated protein 1
light chain 3 gamma (MAPILC3C)), blocking steroido-
genesis (heat shock protein family A member 1B
(HSP701B)), and regulating cell sensitivity to cytokines
(suppressors of cytokine signaling 3 (SOCS-3)).

Luciferase assay was performed to determine
whether three DE miRNAs, including bta-miR-11972,
novel-miR-619 and novel-miR-153, can directly bind to
the 3’ -UTR of their putative target mRNAs. The 293 T
cell that transfected with vectors containing the 3'-UTR
of CDK4 mRNA and bta-miR-11972 mimics exhibited
a significant decrease in luciferase activity. By contrast,
no significant change was found in cells co-transfected
with the blank constructs and bta-miR-11972 mimics.
Similarly, novel-miR-619 and novel-miR-153 were also
proved to directly bind to the 3'-UTR region of their
target mRNAs (Fig. 5).
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Table 2. Expression profiles of six DE miRNAs which were randomly selected for the validation of miRNA-seq.

eCL vs. mCL mCL vs. ICL eCL vs. ICL
Fold-change p-Value Fold-change p-Value Fold-change p-Value
miRNA- ID mSeq gPCR mSeq gPCR mSeq gPCR mSeq gPCR mSeq gPCR mSeq gPCR
bta-miR-451 1.74 4.62 >0.05 0.0588 1.68 421 >0.05 0.8159 2.93 19.5 0.00963  0.0278
bta-miR-6522 0.318 0.541 0.00223 0.0256 1513 1.54 >0.05 0.0718 0.481 0.833 >0.05 0.688
bta-miR-432 9.82 3.79 8.76E-06 0.0061 0.288 0.844 0.0087  0.9430 2.83 3.20 >0.05 0.860
bta-miR-101 0.353 0.137 3.11E-06 0.0232 1.47 1.75 >0.05 0.2357 0.518 0.239 >0.05 0.2267
novel-miR-701 0.211 0.192 0.0419 0.0001 5.27 5.87 0.0390  0.0001 1.11 1.128 >0.05 0.9290
novel-miR-98 3.77 2.741 0.000325 0.0090 0.797 1.151 >0.05 0.9371 3.01 3.16 0.00598 0.0063

mSeq: miRNA-Seq, gPCR: Real-time PCR.

The real-time PCR fold change was calculated using the comparative Ct method and miRNA levels were normalized and plotted against U6. Significance
between different classes was assessed by one-way ANOVA (Tukey’s multiple comparison test). Significant regulation (p < 0.05) was indicated in bold.

Expression profiles of these DE miRNAs and their
target mRNAs in different stages of yak CLs were fur-
ther analyzed. The expression of bta-miR-11972
increased significantly from eCL to mCL then
decreased dramatically. CDK4 is the target gene of
miR-bta-11972 and its expression decreased slightly
from eCL to mCL stage and then increased signifi-
cantly. novel-miR-153 displayed a similar expression

profile to bta-miR-11972. The expression of its target
gene, HSD17B1, was up-regulated from eCL to mCL,
and then decreased in ICL stage. Another DE miRNA,
novel-miR-619, was highly expressed in the eCL stage
and displayed a sharp decrease in the mCL stage, fol-
lowed by a significant increase in the ICL stage. Its
target gene, MAPILC3C, exhibited a persistent
increase from the eCL to ICL stage (Fig. 6, Table S7).
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Table 3. DE miRNAs and their target genes involved in CL development.

Gene DE miRNAs Functional category
CDK2 bta-miR-1291; novel-miR-316; novel-miR-712;; novel-miR-869 Luteal cell proliferation
CDK4 bta-miR-11972 Luteal cell proliferation
MHC-II novel-miR-258; novel-miR-759; novel-miR-608 GC luteinization
DPP4 bta-miR-10182-3p; novel-miR-157; novel-miR-225; novel-miR-390; novel-miR- GC luteinization
619; novel-miR-757; novel-miR-794; novel-miR-882
VASH1 novel-miR-62; novel-miR-241; novel-miR-455; novel-miR-779; novel-miR-889 Vasculogenesis
S1PR1 bta-miR-11972 Endothelial cell migration
S1PR3 bta-miR-432; novel-miR-619; novel-miR-906 Endothelial cell migration
S1PRS bta-miR-10182-5p; novel-miR-619; novel-miR-944 Vasculogenesis; endothelial cell migration
BMP2 bta-miR-370; bta-miR-2403; bta-miR-10182-3p; novel-miR-390; novel-miR-960 ECM remolding
SR-BI bta-miR-874; novel-miR-691; novel-miR-757 Steroidogenesis
HSD178B1 bta-miR-3956; novel-miR-157; novel-miR-455; novel-miR-619; novel-miR-712; Steroidogenesis
novel-miR-816
HSD11B2 novel-miR-437; bta-miR-24-3p Steroidogenesis
GR bta-miR-184; novel-miR-265 Steroidogenesis
PPARD bta-miR-11972; bta-miR-432; novel-miR-241; novel-miR-130; novel-miR-157; Steroidogenesis
novel-miR-710
CASP2 bta-miR-2431-3p; novel-miR-229; novel-miR-535 CL regression (Pro-apoptosis)
BCL2L1 bta-miR-11978; novel-miR-18; novel-miR-62; novel-miR-619; novel-miR-751; CL regression (Anti-apoptosis)
novel-miR-759
ATG3 bta-miR-11978; novel-miR-779 CL regression (Autophagy)
MAP1LC3C novel-miR-153 CL regression (Autophagy)
HSP701B bta-miR-874; bta-miR-11978; novel-miR-316 CL regression (Blocking Steroidogenesis)
SOCS-3 bta-miR-432; novel-miR-992; novel-miR-130 CL regression (Decreasing cell sensitivity

novel-miR-225
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Sequence alignment of bta-miR-11972, novel-miR-619 and novel-miR-153-binding sites in the 3'-UTR of their putative target
mRNAs CDK4 (A), HSD17B1 (B) and MAP1LC3C (C). (D-F) Relative luciferase activities of blank vectors (control) or vectors carrying
3"-UTRs of target mRNAs in 293 T cells co-transfected with miRNA mimics (miR-mimics) or negative control mimics (NC-mimics).
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Figure 6. Expression detection of several DE miRNAs and their target genes that are related to CL development. (A-C). Expression
levels of three DE miRNAs, bta-miR-11972, novel-miR-619 and novel-miR-153. The miRNA levels were normalized and plotted
against U6. *p <0.05, **p <0.01, and ***p <0.001, one-way ANOVA (Tukey's multiple comparison test). Data shown are
expressed as mean+SEM from three independent experiments. (D-F) Expression detection of target genes, including CDK4
(the target gene of bta-miR-11972), HSD17B1 (novel-miR-619) and MAPITLC3C (novel-miR-153). mRNA levels were normalized and
plotted against SUZ12. *p < 0.05, **p < 0.01, and ***p < 0.001, one-way ANOVA (Tukey's multiple comparison test). Data shown
are expressed as mean = SEM from three independent experiments.

Discussion

Corpus luteum is a transient endocrine organ in
female animals and is essential for regulating the
length of the estrous cycle.>>”® Recently numerous
studies have characterized that miRNAs involved in
CL development in different domestic animals, such
as buffalo and bovine.”>*! However, little is known
about the miRNA transcriptome in yak CL. In this
study, we analyzed the miRNA profiles in different
stages of yak CLs. Besides, we identified DE miRNAs
and their predicted target genes via in-silico simula-
tions during yak CL development, maintenance and
regression. The findings provide valuable information
for future studies on the regulation of miRNA on yak
CL. To our knowledge, this study for the first time
identifies and analyzes miRNAs in yak CL.

Analysis of the top ten most abundant miRNAs in
yak CLs revealed that nine miRNAs, including
bta-miR-126-3p, bta-miR-143, bta-miR-148a, bta-miR-
99a-55p, bta-let-7i, bta-miR-10b, bta-let-7g, bta-miR-
27b and bta-let-7f constantly exhibited abundant
expressions across the estrous cycle. Interestingly, all
the nine miRNAs were also highly expressed across
the lifespan of bovine CL, except for bta-miR-126-
3p.?! bta-miR-126-3p was identified as one of the top

three, most abundant miRNAs in each stage of yak
CL, however, it was absent in the top twenty most
abundantly sequenced miRNAs in the bovine CL.
Another study reported that the expression of bta-
miR-126-3p in bovine CL was significantly more
abundant in mCL and ICL, than in the early stages,*’
while our result showed that this miRNA was con-
stantly highly expressed across the entire yak CL life-
span and didn’t exhibit a dynamic expression
trend (Table S3). In future studies, the focus should
be on identifying the putative involvement of bta-
miR-126-3p in the development of both bovine and
yak CL.

Most of the miRNAs in yak CLs displayed U prefer-
ence at the 5'-end, except for miRNAs with a length of
18nt (Fig. 2C and D). The 18nt known and novel
miRNAs showed A and C preference at the 5'-ends
(Fig. 2C and D). The different preference of the first
base of miRNA with different lengths were also
founded in other tissues. In the bovine brains, miRNAs
with a length of 25nt exhibited A preference,41 while in
goats rumens miRNAs which are 18nt in length dis-
played A and G preferences.*” Studies have reported
that the differences in base content at the 5'-end might
be associated with the switch in miRNA silencing
mechanisms in some species,43 while further studies are


https://doi.org/10.1080/10495398.2021.1946552

needed to elucidate the biological significance of first
base preference of miRNA in yak CLs.

A total of 1067, 280, and 112 DE miRNAs were
identified in the eCL vs. mCL, mCL vs. ICL, and eCL
vs. ICL group, respectively (Table S5). As shown,
more than 70% of the DE miRNAs were found during
the transition from eCL to mCL. Besides, among the
47 DE miRNAs related to CL development, 38
miRNAs were differentially expressed in the eCL vs.
mCL group. In the 20 DE miRNA target genes, 14
genes were associated with CL formation or progester-
one synthesis and they mainly functioned in early or
middle CL stage. These results implied that the stage
from eCL to mCL might be an ideal period for study-
ing the regulation of miRNA in yak CL.

Among the top ten DE miRNAs with the most sig-
nificant changes, bta-miR-96 was highly expressed in
eCL, and then decreased consistently. Interestingly,
this miRNA also exhibited a dynamic expression pro-
file in bovine CLs. bta-miR-96 was significantly
up-regulated in bovine eCL, followed by a significant
down-regulation in later stages.”’ A study on human
luteinized granulosa cells showed that miR-96 acts as
a negative regulator of steroidogenesis by repressing
the expression of forkhead box O1 ( Foxol)
However, although this miRNA is highly conserved
among different species, its inhibition of progesterone
production has not been observed in bovine luteal
cells.** Considering the close relationship between yak
and bovine, whether bta-miR-96 can regulate proges-
terone production is not clear.

In this study, we found that DE miRNAs target
genes in yak CLs were involved in various biological
processes, including cell proliferation, GC luteiniza-
tion, endothelial cell migration, vasculogenesis, ECM
remodeling, steroidogenesis, cellular apoptosis and
autophagy.*>>* Luciferase assay verified that three of
them, including CDK4, HSD17B1, and MAPILC3C,
were directly targeted by bta-miR-11972, novel-miR-
619 and novel-miR-153, respectively (Fig. 5). In add-
ition, we found two target genes, CDK4 and
HSDI17BI, displayed opposite expression tendencies
with the DE miRNAs which targeting them (bta-miR-
11972 and novel-miR-153) across the entire lifespan
of yak CL. CDK4 encodes a cyclin-dependent kinase
and is responsible for regulating cell cycle progres-
sion.” HSDI7B1 catalyzes the conversion of low
active 17-ketosteroids, androstenedione and estrone to
highly active 17-hydroxysteroids.* Another autoph-
agy-related gene, MAPILC3C, displayed the opposite
tendency with the miRNA targeting it only during the
transition from mCL to ICL (Fig. 5). The relationships
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between these DE miRNAs and their target genes may
give new inspirations to explore the potential roles of
miRNA in the formation, functionalization and
regression of yak CL in the future.
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