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Simple Summary: In ruminants, the rumen epithelium plays an important role in nutrient absorption,
metabolism and transport. MicroRNAs (miRNAs) have been reported to regulate the proliferation of
diverse epithelial cells. In this study, we profiled the miRNA transcriptomes of goat rumens at four
development stages and screened for candidate miRNAs related to rumen development. MiR-148a-3p
was found to be highly expressed in the rumen tissues and induced the proliferation of GES-1 cells
by targeting QKI. Our findings provide some insights into the functional roles of miRNAs in rumen
growth and functional development in ruminants.

Abstract: The rumen is an important digestive organ of ruminants. From the fetal to adult stage,
the morphology, structure and function of the rumen change significantly. However, the knowledge of
the intrinsic genetic regulation of these changes is still limited. We previously reported a genome-wide
expression profile of miRNAs in pre-natal goat rumens. In this study, we combined and analyzed
the transcriptomes of rumen miRNAs during pre-natal (E60 and E135) and post-natal (D30 and
D150) stages. A total of 66 differentially expressed miRNAs (DEMs) were identified in the rumen
tissues from D30 and D150 goats. Of these, 17 DEMs were consistently highly expressed in the
rumens at the pre-weaning stages (E60, E135 and D30), while down-regulated at D150. Noteworthy,
annotation analysis revealed that the target genes regulated by the DEMs were mainly enriched in
MAPK signaling pathway, Jak-STAT signaling pathway and Ras signaling pathway. Interestingly,
the expression of miR-148a-3p was significantly high in the embryonic stage and down-regulated
at D150. The potential binding sites of miR-148a-3p in the 3’-UTR of QKI were predicted by the
TargetScan and verified by the dual luciferase report assay. The co-localization of miR-148a-3p and
QKI through in situ hybridization was observed in the rumen tissues but not in the intestinal tracts.
Moreover, the expression of miR-148a-3p in the epithelium was significantly higher than that in
the other layers of the rumen, suggesting that miR-148a-3p is involved in the development of the
rumen epithelial cells by targeting QKI. Subsequently, miR-148a-3p inhibitor was found to induce the
proliferation of GES-1 cells. Taken together, our study identified DEMs involved in the development
of the rumen and provides insights into the regulation mechanism of rumen development in goats.
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1. Introduction

The rumen is the largest compartment of stomach in adult ruminants, which plays an important
role in the digestion and absorption of nutrients. The development of the rumen in goats includes
the development of tissue’s morphology and metabolic function. The rumen wall is thin and slightly
transparent, and it is divided into five layers including the epithelial layer, lamina propria, submucosa,
muscular layer and serous layer [1]. In mature ruminants the rumen epithelium is involved in many
important physiological functions, including absorption, transportation, volatile fatty acid (VFA)
metabolism, and protection [2]. In addition, a large number of microorganisms in rumen also play
a significant role in the processes of digestion and absorption [3]. Up to now, the effects of dietary
composition [4] and weaning age [5] on rumen development have been widely investigated, while the
roles of microRNAs in goat rumen development have been rarely described.

MicroRNA (miRNA), first identified in C. elegans, is a class of small non-coding RNA [6].
They mainly regulate the expression of their target gene/genes by binding to the seed region of the
3’-untranslated region (3’-UTR) of the target gene/gens [7]. MiRNAs can regulate gene expression and
participate in the regulation of various biological processes [8]. In sheep and goats, some miRNAs
have been shown to play crucial roles in skeletal myogenesis [9-11], fat deposition [12], adipogenic
differentiation [13], lipid metabolism in mammary gland [14,15], testes development [16]. To date,
it has been shown that several miRNAs are related with rumen development and miR-148a-3p is one
of the most abundant miRNAs in goat rumen during embryonic stage [17]. Furthermore, previous
studies have revealed that miR-148a-3p regulates the proliferation and apoptosis of skeletal muscle
cells by post-transcriptional regulation of target gene in cattle [18] and chicken [19]. Quaking (QKI) is
an RNA binding protein and found to be vital to mammalian embryonic development. QKI could
regulate glial cell function by regulating the expression of specific miRNAs [20]. Meanwhile, miR-214
inhibited angiogenesis via direct targeting of QKI and reduced the release of pro-angiogenic growth
factor [21]. In additional, it has recently been proposed that miR-148a-3p is involved in apoptosis
and/or cell adhesion of osteosarcoma cell lines by potentially inhibiting QKI [22].

In our previous study, the expression profiles of the rumen tissue miRNAs were explored in
two embryonic stages (E60 and E135) [17]. In the current study, we investigated differentially expressed
miRNAs (DEMs) identified between pre-weaning (D30) and post-weaning stage (D150), and jointly
analyzed the RNA sequencing data from our previous study. Furthermore, we identified miR-148a-3p
regulated the expression of QKI by directly targeting 3'-UTR of QKI. Inhibition of the expression of
miR-148a-3p could significantly improve the proliferation capacity of GES-1 cells, suggesting that
miR-148a-3p may be involved in the process of rumen development in goats.

2. Materials and Methods

2.1. Experimental Animals and Rumen Tissue Collection

The goats used in this experiment were provided by the Jianzhou Da’er Goat Breeding Center
(Sichuan, China). Twelve rumen tissues were collected from goats at four different periods (three samples
at each stage; 60 and 135 days of gestation, 30 and 150 days after birth, represented as E60, E135, D30,
and D150, respectively). Goats were reared according to the local feeding standard (DB51/T 1750-2014).
Goat kids were weaned at D60. The pre-natal samples were collected by cesarean section [17], while the
post-natal rumens were dissected and frozen in liquid nitrogen immediately after slaughter, and then
stored at —80 °C. All experiments involving animals were conducted according to the Regulations for
the Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology,
China, revised in June 2004).

2.2. RNA Isolation, Library Construction, and Sequencing

Total RNA was extracted from rumen tissues using TRIzol (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer’s instructions. The purity, concentration, and quality of RNA were determined by a
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Nanodrop 2000 spectrophotometer, Qubit 3.0 Fluorometer, and Agilent 2100 Bioanalyzer, respectively.
Small RNA libraries were constructed with 1.5 ug of total RNA using the TruSeq small RNA Sample Pre Kit
(INlumina, San Diego, CA, USA). Finally, twelve libraries were sequenced on Illumina Hiseq 2500 platform
with single-end reads. Goat rumen RNA-Seq data are available at the SRA database (PRJNA596079).

2.3. miRNAs Data Analyses and gPCR Validation

Two datasets including the newly obtained raw data (D30 and D150) and our previous data
(E60 and E135) [17] were jointly analyzed in the present study. The procedures of miRNA identification
and expression were performed according to the methods [17,23]. Differential miRNNA expression was
analyzed using the DESeq R package. DEMs were identified using the criteria of [log2 (fold change)| > 1
and p-value < 0.01. The miRnada [24] and RNAhybrid [25] were used to predict the target genes of
DEMs. Blast software was used to compare the predicted target gene sequences with Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases to obtain the annotation
information of target genes. To verify the high-throughput sequencing data, we randomly selected
8 miRNAs from the identified DEMs by qRT-PCR. Total RNA (5 ug) was reverse transcribed into
cDNA using the Mir-XTM miRNA First-Strand Synthesis Kit (TaKaRa, Dalian, China). The primer
sequences for qRT-PCR are listed in Supplementary Table S1. qRT-PCR was performed using the
SYBR PrimeScript miRNA RT-PCR Kit (Takara) on a CFEX Connect Real-Time PCR Detection System
(Bio-Rad Laboratories, Singapore). Briefly, a volume of 10 pL including 5 uL. SYBR Green Real Time
PCR Master Mix (TaKaRa), 0.2 uL (10 pM) each of forward and reverse primer, 3.8 pL RNase-Free
ddH,O, and 50 ng cDNA. qPCR reactions were performed using the following condition: 95.0 °C for
30's, and 40 cycles of 95.0 °C for 5 s, Tm for 30 s. U6 was used as a reference gene. The expression level
of miRNA was calculated with the 2744¢T method [26]. All samples were run in triplicate.

2.4. Expression Vector Construction

The putative binding sites of miR-148a-3p in the 3’-UTR of QKI were predicted the TargetScan
website (www.targetscan.org). The wild-type (wt) 3’-UTR of QKI was amplified by PCR. Sequences of
the primers used in vector construction assays are listed in Supplementary Table S1. PCR amplification
system contained a 30 uL volume including 2x Master Mix Taq, forward and reverse primers 2 uL
(10 uM), cDNA 50 ng and ddH,0O 12 pL. The reaction cycler conditions: 95.0 °C for 5 min; 95.0 °C for
30s, Tm for 30 s, 72 °C for 30 s, 35 cycles; 72 °C 5 min. The amplified product and the psiCHECK-2
vector (Promega, Madison, WI, USA) were digested. The digestion system was placed at 37 °C for 2 h.
The digestion products were recovered and incubated at 16 °C overnight using T4 ligase. The DH5x
(TIANGEN, Beijing, China) competent cells (50 pL) were added to the ligation, culled from a single
colony, identified and verified by sequencing. The psi-CHECK2 plasmid containing the mutant type
(mut) 3’-UTR of QKI was obtained from GeneCreate Biological Engineering (Wuhan, China).

2.5. Cell Culture, Transfection, and Expression Detection

HEK293T cells were used to detect luciferase activity, and human gastric cancer cell line GES-1
(BNCC, Beijing, China) cells were used to detect the effect of miR-148a-3p on cell proliferation.
Cells were maintained in DMEM supplied with 10% FBS at a 37 °C incubator containing 5%
CO;. LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA) was used for cell transfection
following the manufacturer’s procedure. GES-1 cells were transfected with miR-148a-3p mimics,
miR-148a-3p inhibitor, miR-148a-3p-NC, QKI siRNA, or QKI-NC at the concentration of 50 nM,
respectively. miR-148a-3p mimics and mimic control were chemically synthesized by Ribo Bio Co. Ltd.
(Guangzhou, China). The expression levels of miR-148a-3p and QKI isoforms in each group were
detected by qPCR at 48 h post-transfection. QKI5, QKI6, and QKI7 primers were designed in their
corresponding specific sequence positions (Supplementary Figure S1).
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2.6. Luciferase Reporter Assay

For luciferase reporter assay, HEK293T cells were co-transfected with miR-148a-3p mimics
(or miR-148a-3p NC) and wt-QKI-3’-UTR plasmids (or mut-QKI-3’-UTR) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After transfection 48 h, the luciferase activities were measured on
a GloMax® 96 Microplate Luminometer (Promega) by the TransDetect Double-Luciferase Reporter
Assay Kit (TaKaRa).

2.7. Cell Proliferation Assays

The GES-1 cells was used to study cell proliferation by the Cell Counting kit-8 (Dojindo, Shanghai,
China). The GES-1 cells were seeded into 96-well plates at a density of 1 x 10* cells per well determined
by the Corning Cell Counter (Corning Incorporated, Corning, NY, USA). After transfection of the
miR-148a-3p mimics or the miR-148a-3p-NC, the cells were cultured for 4, 24, 48 and 72 h. Then,
the absorbance of cells was measured with a wavelength of 450 nm using a microplate reader (Analytik
Jena AG, Jena, Germany).

2.8. Dual-Color Fluorescence In Situ Hybridization

Briefly, tissue sections were deparaffinized, dehydrated, and incubated in room temperature for
15 min, and digested in pepsin solution for 3-30 min at 37 °C. Denaturation, hybridization, and post-
hybridization washings were carried out by following the manufacturer’s instructions (Wuhan
GeneCreate Biological Engineering Co., Ltd., China). After DAPI (10 ng/mL) staining for 10 min,
washing with 0.5 x SSC for 15 min and washing with 0.2 X SSC for 15 min at 37 °C were carried out.
MiR-148a-3p was labeled with red, while QKI was labeled with green. Images were captured by an
Olympus BX51T fluorescence microscope (Olympus, Tokyo, Japan) and analyzed by the Image-Pro
Plus software (Media Cybernetics, Rockville, MA, USA).

2.9. Statistical Analyses

Statistical analyses were conducted using SPSS 20.0 software (IBM, Armonk, NY, USA). Data
were analyzed by one-way analysis of variance (ANOVA). The differences between the groups were
analyzed using a Student’s t-test and multiple comparison tests. The differences between the means
were considered statistically significant when p < 0.05.

3. Results

3.1. miRNAs Expression Profile and DEMs in Goat Rumens

In this study, an average of 18.59 million single-end clean reads were generated, and approximately
50.6% mapped to the goat reference genome ARS1 (Supplementary Table S2). A total of 1488 miRNAs
were identified in the rumen samples, including 431 known miRNAs and 1057 novel miRNAs
(Supplementary Table S3). The top-10 miRNAs are listed in Table 1. Seven miRNAs (miR-143-3p,
let-7i-5p, miR-148a-3p, let-7f-5p, miR-21-5p, miR-26a-5p, and let-7g-5p) were consistently highly
expressed in the rumen tissues at the four developmental stages.
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Table 1. Information on high expression of miRNAs in the rumen of four different periods of goats.

iRNAS Sequences (5'-3) E60 (TPM) E135 (TPM) D30 (TPM) D150 (TPM)
So01 S02 S03 S04 S05 S06 S07 S08 S09 s10 S11 S12
chi-miR-143-3p UGAGAUGAAGCACUGUAGCUCG 129,809 108,660 133,032 282,443 236491 248819 169,226 283572 256290 587,757 615886 483,343
chi-miR-148a-3p UCAGUGCACUACAGAACUUUGU 496944 635177 61,760 53,3226 57,0207 734586 162467 123,649 134682 20,6012 16,8581 41,078.9
chi-miR-21-5p UAGCUUAUCAGACUGAUGUUGAC 343255 422673 402496 36,373.6 382526 358963 52,6979 67,017.6 559422 557818 50,2003 56,630.2
chi-miR-26a-5p UUCAAGUAAUCCAGGAUAGGCU 422984 297479 381705 37,739 42,6386 389513 58,679.8 50,3929 455167 437994 404102 532312
chi-let-7f-5p UGAGGUAGUAGAUUGUAUAGUU 482212 37,4867 48,8362 39,702 48,1072 43,888 422746 27,1613 34,0066 18,6156 18521.2 29,367
chi-let-7i-5p UGAGGUAGUAGUUUGUGCUGUU 894887 59,6373 80,7134 48114 55336 54,656.8 103,139 72,450 837358 24,565 184543 40,592.7
chi-let-7g-5p UGAGGUAGUAGUUUGUACAGUU 39,837.1 27,269.6 335913 252135 27,8187 25772 39,7474 263318 304197 185462 16,769 25938
chi-miR-10a-5p UACCCUGUAGAUCCGAAUUUGU 39,5782 56,845 253756 46,8046 49,8228 494928 164581 18478 18,093.6 14,3464 892824 12,3953
novel_miR_816 GUGAAAUGUUUAGGACCACUAG 7716.68 10,8422 583039 43,0317 51,7446 382038 257708 31,9889 23516 771228 603293 10,368.6
chi-miR-27b-3p UUCACAGUGGCUAAGUUCUGC 22552 225354 268176 347684 35165 32,9989 222564 24,188 229186 18671 198122 17,4788
chi-miR-7-5p UGGAAGACUAGUGAUUUUGUUGUU 40,5913 12,5475 372602 2969.46 301475 3654.06 516228 3850.75 2571.84 178293 149876 2180.65
chi-miR-127-3p UCGGAUCCGUCUGAGCUUGG 22419 334302 22459.3 102906 11,1786 11,4241 680842 9133.77 102624 266207 233.613 1682.39
chi-miR-99a-5p AACCCGUAGAUCCGAUCUUGU 21,0439 236853 22250.8 21,4088 21,5307 234162 29,877.8 23,867 25090.2 7432.25 6398.27 13,073.1
chi-miR-1 UGGAAUGUAAAGAAGUAUGUAU 6661.52 24,7934 367891 12,6524 12,8411 102185 54766 694671 8299.96 132069 12,632.8 11,5559

chi-miR-145-5p GUCCAGUUUUCCCAGGAAUCCCU 23,695.1 6810.14 16,2054 27,621.6 26,220.7 232519 14,500.2 18,6365 244785 58,611.7 72,595 37,617.3
TPM: Transcripts Per Million.
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In the post-natal period, 35 up-regulated DEMs and 31 down-regulated DEMs were observed
between the rumens at D30 and D150 (Figure 1a, Supplementary Table S4). The hierarchical cluster of
these 66 DEMs was shown in Figure 1b, indicating a consistent expression tendency for each stage.
Interestingly, there were comparable DEMs in the pairwise comparison of E60 and D30 (27 up-regulated
and 12 down-regulated) and the comparison of E135 and D30 (19 up-regulated and 25 down-regulated),
while in the pairwise comparison of E60 and D150 (53 up-regulated and 29 down-regulated) and the
comparison of E135 and D150 (67 up-regulated and 44 down-regulated), the number of DEMs was
markedly increased (Supplementary Figure 52). The Venn diagram (Figure 1c) shows the DEMs in
each comparison of two different developmental stages. The expression patterns of the selected DEMs
were verified by qPCR and consistent with the tendency of the small RNA-sequencing data (Figure 2).

3.2. GO and KEGG Pathway Analyses of Putative Target Genes

To elucidate the biological roles on development of rumens, a total number of 4622 target genes of
the 166 DEMs were subjected to Gene Ontology (GO) analysis. Fifty-two GO terms were identified,
including 24 biological processes, 17 cellular components, and 11 molecular functions (Figure 3a).
The analysis of biological process showed that most genes were involved in cellular process and
biological regulation. On the molecular function level, genes were mainly involved in binding and
catalytic activity. On the cellular component level, genes were mainly related to organelle and cell parts.
Meanwhile, the biological pathways involved in rumen development were revealed by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis based on all the DEMs. In total, 188 signaling
pathways were considered as significantly enriched (Supplementary Table S5), and involved in MAPK
signaling pathway, Rap1 signaling pathway, Ras signaling pathway, and Jak-STAT signaling pathway,
which were linked to cell proliferation (Figure 3b). In addition, six specific GO terms and thirty-five
KEGG categories were revealed between embryonic and post-weaning stages (Supplementary Table S6).
Furthermore, eight KEGG pathways were identified between pre-weaning and post-weaning periods,
which mainly enriched in tryptophan metabolism and glycosaminoglycan biosynthesis (Supplementary
Table S6).

-Iog10(FOR)

s7 s8 9 s12 s10 S11
pre-weaning post-weaning

E135 vs. D150

Figure 1. (a) Numbers of up-regulated and down-regulated differentially expressed miRNAs (DEMs)
in goat rumens at D30 and D150. (b) Hierarchical clustering analysis of DEMs. The column indicates
different samples. The row indicates DEMs. Red color indicates the highly expressed DEMs, and green
color for the lowly expressed DEMs. (c) Venn diagram showing the common and unique DEMs in
different pairwise comparisons.
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Figure 2. Validation of the six selected DEMs by qPCR.

3.3. Candidate miR-148a-3p Expression and Target Gene Analysis

The expression pattern of miR-148a-3p in the rumens is shown in Table 1, representing a high
expression level in pre-weaning stages (E60, E135, and D30) and a low expression in the rumen
at post-weaning period (D150). Thus, we proposed that miR-148a-3p may play an important role in
rumen epithelium development. The potential target genes (Supplementary Table S7) of miR-148a-3p
were estimated by the Targetscan analysis. Because correlation of expression of miR-148a-3p and QKI
was high, QKI was selected as the target gene to be further investigated. The binding sites of QKI 3’-UTR
are highly conserved in various species, including goat, sheep, and cow. The predicted minimum free
energy of miR-148a-3p and QKI mRNA was found to be —22.9 kcal/mol (Figure 4a). The recombinant
plasmid was successfully constructed using a length of 257 bp fragment from the 3’-UTR of QKI and
the psiCHECK-2 vector (Figure 4b,c). The luciferase reporter activity of co-transfected miR-148a-3p
mimics and wild type was significantly lower than that of co-transfected miR-148a-3p negative control
and wild type (Figure 4d, p < 0.01). The luciferase reporter activity of co-transfected miR-148a-3p
mimics and mutant was not significantly different from that of co-transfected miR-148a-3p negative
control and mutant. In addition, the luciferase reporter activity of co-transfected miR-148a-3p mimics
and wild-type mimics was significantly lower than that of co-transfected miR-148a-3p mimics and
mutant mimics (p < 0.01). These results indicated that miR-148a-3p could bind to the 3’-UTR of QKI,
thereby inhibiting the expression of QKI.
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Figure 3. (a) GO functional classification of predicated target genes of the DEMs. (b) Enrichment
analysis of KEGG pathway in target genes of the DEMs.

3.4. Co-Localization of miR-148a-3p and QKI in Goat Digestive Tissues

The co-localization of miR-148a-3p and QKI in rumen, reticulum, omasum, and abomasum
was performed by double-color fluorescence in situ hybridization (Figure 5). The signal locations of
miR-148a-3p and QKI were consistent, and miR-148a-3p and QKI were expressed in all layers of
the gastric wall, but significantly higher in the epithelial layer than in other layers. To characterize
the potential function of miR-148a-3p and QKI in the intestinal tract, we also investigated their
co-localization in the duodenum, jejunum, ileum, and colon (Supplementary Figure S3). The results
showed that miR-148a-3p and QKI were inconsistently expressed in many structures, and the expression
levels of miR-148a-3p and QKI in different portions of intestinal tract were relatively low. In duodenal
sections, miR-148a-3p was higher in the muscularis than in the villus, while QKI was highly expressed
in the villus than that in the muscularis. The signal intensity of miR-148a-3p and QKI on the vascular
wall of the colon was significantly higher than that of other structures. Co-localization of MiR-148
and QKI was restricted to the epithelium wall and, therefore, may be involved in its development
or function.
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Figure 4. (a) Alignment of binding sites among different species and the predicted secondary structure
of miR-148a-3p and targeting QKI. (b) Electrophoresis of the recombinant plasmid. The recombinant
plasmid was approximate 6.4 KB. (c) Base complementarity between miR-148a-3p and the 3’-UTR
of QKI. (d) Luciferase reporter assay of HEK293T cells co-transfected with QKI wild-type or QKI
mutant-type and miR-148a-3p mimics.

3.5. miR-148a-3p Affects Cell Proliferation by Targeting QKI

To investigate the effect of miR-148a-3p on cell proliferation, we measured the cell count of GES-1
after co-transfection. As shown in Figure 6, expression of miR-148a-3p was determined by qRT-PCR
after transfection, miR-148a-3p expression was significantly higher than that of the negative control
(Figure 6a). Proliferation of GES-1 cells was then assessed at 4, 24 (D1), 48 (D2) and 72 h (D3) by the
CCK8 kit; there was no significant difference in cell proliferation between the GES-1 cells overexpressing
miR-148a-3p and the negative control (Figure 6b). As shown in Figure 6¢, the expression levels of QKI5
and QKI6 in the GES-1 cells transfected by miR-148a-3p mimics were significantly down-regulated.
Although there was no significant effect on the proliferation of GES-1 cells (Figure 6d), expression of
QKI5, QKI6 and QKI7 was significantly down-regulated in GES-1 cells transfected with QKI siRNA
(Figure 6e). Intriguingly, the expression of miR-148a-3p was significantly decreased after transfection
with miR-148a-3p inhibitor (Figure 6f). As shown in Figure 6g, the proliferation of GES-1 cells was
significantly increased after 48 h transfection. Compared to negative control, expression levels of
QKI5 were slightly up-regulated, while the expressions of QKI6 were significantly down-regulated
(Figure 6h). These data suggest that miR-148a-3p could inhibit the expression of QKI5 by binding to its
3’-UTR. Furthermore, inhibition of miR-148a-3p expression could promote the proliferation ability of
GES-1 cells.
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Figure 5. Co-location of miR-148a-3p and QKI in different stomach chambers. Bar. 500 um. Arrow
indicates the epithelial layer.
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Figure 6. miR-148a-3p regulates cell proliferation of GES-1. (a) The efficiency of miR-148a-3p mimics
transfection. (b) Growth curve of GES-1 cells transfected with miR-148a-3p mimics. (c) Relative
expression of main isoforms of QKI after transfection with miR-148a-3p mimics. (d) Growth curve of
GES-1 cells transfected with QKI siRNA. (e) The efficiency of QKI siRNA transfection. (f) The efficiency
of miR-148a-3p inhibitor transfection. (g) Growth curve of GES-1 cells transfected with miR-148a-3p
inhibitor. (h) Relative expression of main isoforms of QKI after transfection with miR-148a-3p mimics.
*p < 0.05;** p <0.01.

4. Discussion

In this study, the expression characteristics of genome-wide microRNAs involved in rumen
development and their potential influences on the functional transition of goat rumen epidermis were
investigated. Seven highly expressed miRNAs, which are mainly involved in cell proliferation, growth
and apoptosis, were identified at the four developmental periods. Among these, miR-21-5p and
miR-26a-5p have also been shown to be associated with the proliferation of melanoma and hepatocellular
carcinoma cells, respectively [27,28]. As for the members of let-7, expressions of let-7i-5p, let-7f-5p
and let-7g-5p have been revealed to regulate the regeneration rate of liver in mice [29]. In domestic
animals, miR-148a-3p was highly expressed in fetal bovine skeletal muscle, but decreased in the
growing myocytes, indicating that the overexpression of miR-148a-3p could inhibit the proliferation of
myocytes [18]. In rabbits, miR-148a-3p is not only highly expressed in white adipose tissue at early
growth stage but also gradually increased in the differentiation process of preadipocytes cultured
in vitro [30]. In pigs, miR-148a-3p was always highly expressed during the development of skeletal
muscle, which was speculated to be related to the proliferation, generation and apoptosis of muscle
cells [31]. In the current study, we found that miR-148a-3p was highly expressed in the D30 rumen
and showed down-regulated expression at post-weaning period (D150). Compared with location



Animals 2020, 10, 1951 12 of 15

in the rumen, miR-148a-3p and QKI were not expressed in the same location of the intestinal tracts
(Supplementary Figure S3), indicating that miR-148a-3p may play a role in rumen development though
QKI in a tissue-specific manner. Furthermore, miR-148a-3p suppressed the cell proliferation of GES-1
cells by regulating QKI, suggesting that a similarity has effects on the rumen epithelial cells. Thus,
we proposed that miR-148a-3p could play an especially important role in the development of the
rumen epithelium cells.

Several differential expressed genes (DEGs) have been identified in cattle rumen between pre- and
post-weaning [2,32,33]. During weaning, the DEGs in calf rumen epithelium were mainly involved in the
processes of lipid metabolism, cell morphology, growth and proliferation and molecular transport [2].
In addition, more DEGs (4104) were revealed between the pre- and the post-weaning periods in bovine
rumen and several highly DEGs with immune functions (LY6D, MUC1, EMB and EYA2) were pointed
out [32]. Similarity, immunity and lipid metabolism were also significantly enriched for DEGs in the
rumen [32]. Furthermore, 122 DEMs were identified from 260 known and 35 novel miRNAs in the same
rumen tissues. Among them, six miRNAs (miR-143, miR-29b, miR-145, miR-493, miR-26a and miR-199)
were identified as the key regulators of rumen development in cattle [33]. From fetal to adulthood, the
morphology, structure and function of the rumen change significantly, especially the surface area of
the rumen papillae of goats under supplementary feeding significantly increased during the pre- and
post-weaning periods [34]. Compared with the rumens at post-weaning period, a similar number of
DEMSs were detected in the pre-natal rumens (82 DEMs in the comparison of E60 and D150; 111 DEMs
in the comparison of E135 and D150; Supplementary Figure S2). The target genes of these DEMs
were mainly enriched in the cell cycle, except for the Rap1 signaling pathway and PI3K-Akt signaling
pathway, indicating the different pathways involved in the embryonic development. However, the
functional studies about these miRNAs in goat rumens are still limited.

To date, several investigations have focused on the molecular mechanism of rumen epithelial cell
proliferation and related transporter regulatory pathways, such as insulin-like growth factor (IGF) and
epidermal growth factor (EGF) involved in the regulation of glucose transport, NHE (sodium/hydrogen
antiporter), MCTs (monocarboxylate cotransporter) and GPR involved in the transport of short-chain
fatty acids (SCFA) in rumen epithelial cells [35,36]. In this study, the target genes of DEMs identified in
goat rumens were significantly enriched in the MAPK signaling pathway, Jak-STAT signaling pathway,
Rap1 signaling pathway, Ras signaling pathway and PI3K-Akt signaling pathway. Several factors could
affect cell proliferation and differentiation mediated by the epidermal growth factor receptor (EGFR) in
response to EGF and transmembrane transforming growth factor (TGF) through the MAPK signaling
pathway [37], it promoted the growth of gastric epithelium during development and the renewal of the
gastric tissue [38]. It has been shown that inhibition of the Jak-STAT3 signaling pathway could inhibit
cell proliferation in gastric cancer cells [39]. Ras signaling was a downstream pathway of EGFR and
played an important role in the cell fate and proliferation of intestinal epithelial cells [40]. In addition,
phosphorylation of the PI3K-Akt signaling pathway can promote ghrelin-mediated intestinal cell
proliferation [41]. Compared with pre-natal rumens (E60 and E135), the differently enriched pathways
at the post-weaning stage were mainly clustered into carbohydrate digestion and absorption, vitamin
digestion and absorption, adherens junction, gap junction and amino acid metabolism (Supplementary
Table S5). Subsequently, the specific pathways including tryptophan and metabolism, ether lipid
metabolism and glycosaminoglycan biosynthesis were revealed in comparison of D30 and D150.
These results indicated that the pathways mainly involved in epithelial cell junctions, digestion and
metabolism of nutrients during pre- and post-weaning periods.

5. Conclusions

In summary, the genome-wide expression profile of miRNAs and specific pathways involved in
the development of the rumen were identified in goats. FISH and luciferase experiments verified that
QKI was the target gene of miR-148a-3p. Furthermore, suppression of miR-148a-3p could induce the
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proliferation of GES-1 cells. Our results indicated that miR-148a-3p related to rumen development in
goats by targeting QKI.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/11/1951/s1,
Table S1: Information about the primers and probes used in this experiment. Table S2: Summary of reads from
raw data and clean reads for miRNAs sequencing in goat rumen. Table S3: List of the known-miRNAs and
novel-miRNAs identified in this study. Table S4: The identified DEMs in goat rumens (D30 vs. D150). Table S5:
The 188 KEGG pathway analysis of the DEMs target genes. Table S6: List of the unique GO and KEGG pathways
of the DEMs target genes. Table S7: Candidate target genes for miR-148a-3p in goat rumens. Figure S1: Gene
structure of QKI and locations of the used probes and primers. Red, green, purple and brown arrows indicate
locations of probes, and qPCR primers for QKI5, QKI6 and QKI7, respectively. Figure S2: Volcano plot of
differentially expressed miRNAs in E60 vs. D30, E60 vs. D150, E135 vs. D30 and E135 vs. D150. The red and green
dots represent up-regulated and down-regulated DEMs, respectively. Figure S3: Co-location of miR-148a-3p and
QKI in goat intestinal tract. Bar. 500 um. Star, triangle and arrows indicate the muscularis, villus and vascular
wall, respectively.

Author Contributions: T.Z. and L.N. conceived and designed the experiments. C.W. and J.H. performed the
experiments. 5.Z., X.C., ].G. and ].C. analyzed the data. L.W., S.Z., L.L. and H.Z. participated in sample collection.
H.Z.,L.N. and T.Z. contributed reagents/materials. C.W., L.N. and T.Z. wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of China (2018 YFD0502002).

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

References

1. Garcia, A.; Masot, J.; Franco, A.; Gazquez, A.; Redondo, E. Histomorphometric and immunohistochemical
study of the goat rumen during prenatal development. Anat. Rec. 2012, 295, 776-785. [CrossRef] [PubMed]

2. Connor, EE,; Baldwin, R.L.T,; Li, C.J.; Li, RW.,; Chung, H. Gene expression in bovine rumen epithelium
during weaning identifies molecular regulators of rumen development and growth. Funct. Integr. Genom.
2013, 13, 133-142. [CrossRef] [PubMed]

3. Liu, K.Z,; Xu, Q.; Wang, L.Z.; Wang, ] W.; Guo, W.; Zhou, M.L. The impact of diet on the composition and
relative abundance of rumen microbes in goat. Asian-Australas. |. Anim. Sci. 2017, 30, 531-537. [CrossRef]
[PubMed]

4. Jing, X.P; Peng, Q.H.; Hu, R.; Zou, HW.; Wang, H.Z.; Yu, X.Q.; Zhou, ].W,; Degen, A.; Wang, Z.S. Dietary
supplements during the cold season increase rumen microbial abundance and improve rumen epithelium
development in Tibetan sheep. J. Anim. Sci. 2018, 96, 293-305. [CrossRef] [PubMed]

5. Carballo, O.C.; Khan, M.A; Knol, EW.,; Lewis, S.J.; Stevens, D.R.; Laven, R.A.; McCoard, S.A. Impact of
weaning age on rumen development in artificially reared lambs. J. Anim. Sci. 2019, 97, 3498-3510. [CrossRef]
[PubMed]

6. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843-854. [CrossRef]

7. Shukla, G.C.; Singh, J.; Barik, S. MicroRNAs: Processing, Maturation, Target Recognition and Regulatory
Functions. Mol. Cell. Pharmacol. 2011, 3, 83-92.

8.  Krol, J.; Loedige, L; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597-610. [CrossRef]

9. Yuan, C.; Zhang, K.; Yue, YJ.; Guo, T.T.; Liu, ].B.; Niu, C.N.; Sun, X.P; Feng, R.L.; Wang, X.L.; Yang, B.H.
Analysis of dynamic and widespread IncRNA and miRNA expression in fetal sheep skeletal muscle. Peer]
2020, 8. [CrossRef]

10. Sun, LM.; Lu, S.Y,; Bai, M.; Xiang, L.]J.; Li, J.R;; Jia, C.; Jiang, H.Z. Integrative microRNA-mRNA Analysis of
Muscle Tissues in Qianhua Mutton Merino and Small Tail Han Sheep Reveals Key Roles for oar-miR-655-3p
and oar-miR-381-5p. DNA Cell Biol. 2019, 38, 423-435. [CrossRef]

11. Ling, YH.; Zheng, Q. Jing,J.; Sui, M.H.; Zhu, L,; Li, Y.S.; Zhang, YH,; Liu, Y; Fang, F.G.; Zhang, X.R. RNA-Seq
Reveals miRNA Role Shifts in Seven Stages of Skeletal Muscles in Goat Fetuses and Kids. Front. Genet.
2020, 11. [CrossRef]

12.  Zhou, G.X,; Wang, X.L.; Yuan, C; Kang, D.J.; Xu, X.C.; Zhou, ].P; Geng, R.Q.; Yang, Y.X,; Yang, Z.X.; Chen, Y.L.
Integrating miRNA and mRNA Expression Profiling Uncovers miRNAs Underlying Fat Deposition in Sheep.
Biomed. Res. Int. 2017, 2017. [CrossRef]


http://www.mdpi.com/2076-2615/10/11/1951/s1
http://dx.doi.org/10.1002/ar.22431
http://www.ncbi.nlm.nih.gov/pubmed/22354748
http://dx.doi.org/10.1007/s10142-012-0308-x
http://www.ncbi.nlm.nih.gov/pubmed/23314861
http://dx.doi.org/10.5713/ajas.16.0353
http://www.ncbi.nlm.nih.gov/pubmed/27507180
http://dx.doi.org/10.1093/jas/skx032
http://www.ncbi.nlm.nih.gov/pubmed/29385456
http://dx.doi.org/10.1093/jas/skz148
http://www.ncbi.nlm.nih.gov/pubmed/31056708
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1038/nrg2843
http://dx.doi.org/10.7717/peerj.9957
http://dx.doi.org/10.1089/dna.2018.4408
http://dx.doi.org/10.3389/fgene.2020.00684
http://dx.doi.org/10.1155/2017/1857580

Animals 2020, 10, 1951 14 0f 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pan, Y,; Jing, J.; Qiao, L.; Liu, J.; An, L,; Li, B;; Ren, D.; Liu, W. MiRNA-seq reveals that miR-124-3p
inhibits adipogenic differentiation of the stromal vascular fraction in sheep via targeting C/EBP alpha.
Domest. Anim. Endocrinol. 2018, 65, 17-23. [CrossRef]

Ma, L.A.; Qiu, H.L.; Chen, Z,; Li, L.; Zeng, Y.; Luo, J.; Gou, D.M. miR-25 modulates triacylglycerol and lipid
accumulation in goat mammary epithelial cells by repressing PGC-1beta. J. Anim. Sci. Biotechnol. 2018, 9.
[CrossRef]

Wang, H.; Zhu, ].J.; He, Q.Y.; Loor, ].].; Luo, J. Association between the expression of miR-26 and goat milk
fatty acids. Reprod. Domest. Anim. 2018, 53, 1478-1482. [CrossRef]

Bai, M.; Sun, L.M,; Jia, C,; Li, ].R.; Han, Y; Liu, H.; Chen, Y,; Jiang, H.Z. Integrated Analysis of miRNA and
mRNA Expression Profiles Reveals Functional miRNA-Targets in Development Testes of Small Tail Han
Sheep. G3-Genes Genomes Genet. 2019, 9, 523-533. [CrossRef] [PubMed]

Zhong, T.; Hu, J.T; Xiao, P.; Zhan, S.Y.; Wang, L.J.; Guo, J.Z,; Li, L.; Zhang, H.P,; Niu, L.L. Identification
and Characterization of MicroRNAs in the Goat (Capra hircus) Rumen during Embryonic Development.
Front. Genet. 2017, 8. [CrossRef]

Song, C.C.; Yang, ].M.; Jiang, R.; Yang, Z.X,; Li, H.; Huang, Y.Z; Lan, X.Y,; Lei, C.Z.; Ma, Y,; Qi, X.L.; et al.
miR-148a-3p regulates proliferation and apoptosis of bovine muscle cells by targeting KLF6. J. Cell. Physiol.
2019, 234, 15742-15750. [CrossRef]

Yin, H.D.; He, H.R.; Cao, X.A.; Shen, X.X.; Han, S.S.; Cui, C.; Zhao, J.; Wei, Y.H.; Chen, Y.Q.; Xia, L.; et al.
MiR-148a-3p Regulates Skeletal Muscle Satellite Cell Differentiation and Apoptosis via the PI3K/AKT
Signaling Pathway by Targeting Meox2. Front. Genet. 2020, 11. [CrossRef] [PubMed]

Wang, Y.; Vogel, G.; Yu, Z.; Richard, S. The QKI-5 and QKI-6 RNA binding proteins regulate the expression
of microRNA 7 in glial cells. Mol. Cell. Biol. 2013, 33, 1233-1243. [CrossRef]

Van Mil, A.; Grundmann, S.; Goumans, M.].; Lei, Z.; Oerlemans, M.I; Jaksani, S.; Doevendans, P.A; Sluijter, J.P.
MicroRNA-214 inhibits angiogenesis by targeting Quaking and reducing angiogenic growth factor release.
Cardiovasc. Res. 2012, 93, 655-665. [CrossRef] [PubMed]

Jerez, S.; Araya, H.; Hevia, D.; Irarrazaval, C.E.; Thaler, R.; van Wijnen, A J.; Galindo, M. Extracellular
vesicles from osteosarcoma cell lines contain miRNAs associated with cell adhesion and apoptosis. Gene
2019, 710, 246-257. [CrossRef]

Guo, ]J.Z.; Zhao, W.; Zhan, S.Y; Li, L.; Zhong, T.; Wang, L.J.; Dong, Y.; Zhang, H.P. Identification and
Expression Profiling of miRNAome in Goat longissimus dorsi Muscle from Prenatal Stages to a Neonatal
Stage. PLoS ONE 2016, 11. [CrossRef] [PubMed]

Betel, D.; Wilson, M.; Gabow, A.; Marks, D.S.; Sander, C. The microRNA.org resource: Targets and expression.
Nucleic Acids Res. 2008, 36, D149-D153. [CrossRef] [PubMed]

Rehmsmeier, M.; Steffen, P.; Hochsmann, M.; Giegerich, R. Fast and effective prediction of microRNA/target
duplexes. RNA 2004, 10, 1507-1517. [CrossRef]

Schmittgen, T.D.; Lee, EJ.; Jiang, ].M.; Sarkar, A.; Yang, L.Q.; Elton, T.S.; Chen, C.F. Real-time PCR
quantification of precursor and mature microRNA. Methods 2008, 44, 31-38. [CrossRef]

Yuan, Y.L.; Yu, H.B.; Mu, S.M.; Dong, Y.D.; Li, D.Y. MiR-26a-5p Inhibits Cell Proliferation and Enhances
Doxorubicin Sensitivity in HCC Cells via Targeting AURKA. Technol. Cancer Res. Treat. 2019, 18. [CrossRef]
Yang, Z.H,; Liao, B.; Xiang, X.Y.; Ke, S. miR-21-5p promotes cell proliferation and G1/S transition in melanoma
by targeting CDKN2C. FEBS Open Bio 2020, 10, 752-760. [CrossRef]

Dkhil, M.A.; Al-Quraishy, S.; Abdel-Baki, A.A.S.; Delic, D.; Wunderlich, F. Differential miRNA Expression
in the Liver of Balb/c Mice Protected by Vaccination during Crisis of Plasmodium chabaudi Blood-Stage
Malaria. Front. Microbiol. 2017, 7. [CrossRef]

He, H.B,; Cai, M.C,; Zhu, ].Y.; Xiao, W.D.; Liu, B.W,; Shi, Y,; Yang, X.; Liang, X.H.; Zheng, TH.; Hu, 5.Q.; et al.
miR-148a-3p promotes rabbit preadipocyte differentiation by targeting PTEN. Cell. Dev. Biol. Anim. 2018, 54,
241-249. [CrossRef]

Mai, M.M,; Jin, L; Tian, S.L.; Liu, R.; Huang, W.Y,; Tang, Q.Z.; Ma, ].D,; Jiang, A.A.; Wang, X.; Hu, Y.D.; et al.
Deciphering the microRNA transcriptome of skeletal muscle during porcine development. Peer] 2016, 4.
[CrossRef] [PubMed]

Ibeagha-Awemu, E.M.; Do, D.N.; Dudemaine, P.L.; Fomenky, B.E.; Bissonnette, N. Integration of IncRNA
and mRNA Transcriptome Analyses Reveals Genes and Pathways Potentially Involved in Calf Intestinal
Growth and Development during the Early Weeks of Life. Genes 2018, 9, 142. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.domaniend.2018.05.002
http://dx.doi.org/10.1186/s40104-018-0262-0
http://dx.doi.org/10.1111/rda.13291
http://dx.doi.org/10.1534/g3.118.200947
http://www.ncbi.nlm.nih.gov/pubmed/30559255
http://dx.doi.org/10.3389/fgene.2017.00163
http://dx.doi.org/10.1002/jcp.28232
http://dx.doi.org/10.3389/fgene.2020.00512
http://www.ncbi.nlm.nih.gov/pubmed/32582277
http://dx.doi.org/10.1128/MCB.01604-12
http://dx.doi.org/10.1093/cvr/cvs003
http://www.ncbi.nlm.nih.gov/pubmed/22227154
http://dx.doi.org/10.1016/j.gene.2019.06.005
http://dx.doi.org/10.1371/journal.pone.0165764
http://www.ncbi.nlm.nih.gov/pubmed/27798673
http://dx.doi.org/10.1093/nar/gkm995
http://www.ncbi.nlm.nih.gov/pubmed/18158296
http://dx.doi.org/10.1261/rna.5248604
http://dx.doi.org/10.1016/j.ymeth.2007.09.006
http://dx.doi.org/10.1177/1533033819851833
http://dx.doi.org/10.1002/2211-5463.12819
http://dx.doi.org/10.3389/fmicb.2016.02155
http://dx.doi.org/10.1007/s11626-018-0232-z
http://dx.doi.org/10.7717/peerj.1504
http://www.ncbi.nlm.nih.gov/pubmed/26793416
http://dx.doi.org/10.3390/genes9030142
http://www.ncbi.nlm.nih.gov/pubmed/29510583

Animals 2020, 10, 1951 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

Do, D.N.; Dudernaine, P.L.; Fomenky, B.E.; Ibeagha-Awemu, E.M. Integration of miRNA weighted gene
co-expression network and miRNA-mRNA co-expression analyses reveals potential regulatory functions of
miRNAs in calf rumen development. Genomics 2019, 111, 849-859. [CrossRef] [PubMed]

Htoo, N.N.; Zeshan, B.; Khaing, A.T.; Kyaw, T.; Woldegiorgis, E.A.; Khan, M.A. Creep Feeding Supplemented
with Roughages Improve Rumen Morphology in Pre-Weaning Goat Kids. Pak. . Zool. 2018, 50, 703-709.
[CrossRef]

Greco, G.; Hagen, F,; Meissner, S.; Shen, Z.; Lu, Z.; Amasheh, S.; Aschenbach, J.R. Effect of individual SCFA
on the epithelial barrier of sheep rumen under physiological and acidotic luminal pH conditions. ]. Anim. Sci.
2018, 96, 126-142. [CrossRef]

Jing, X.; Wang, W.; Degen, A.; Guo, Y,; Kang, ].; Liu, P,; Ding, L.; Shang, Z.; Fievez, V.; Zhou, J.; et al. Tibetan
sheep have a high capacity to absorb and to regulate metabolism of SCFA in the rumen epithelium to adapt
to low energy intake. Br. |. Nutr. 2020, 123, 721-736. [CrossRef]

Xiao, Z.Q.; Majumdar, A.P. Increased in vitro activation of EGFR by membrane-bound TGF-alpha from
gastric and colonic mucosa of aged rats. Am. J. Physiol. Gastrointest. Liver. Physiol. 2001, 281, G111-G116.
[CrossRef]

Osaki, L.H.; Figueiredo, PM.; Alvares, E.P; Gama, P. EGFR is involved in control of gastric cell proliferation
through activation of MAPK and Src signalling pathways in early-weaned rats. Cell Prolif. 2011, 44, 174-182.
[CrossRef]

Xiao, C.H.; Hong, H.; Yu, HZ,; Yuan, ].E; Guo, C.Y,; Cao, H.Y,; Li, W.B. MiR-340 affects gastric
cancer cell proliferation, cycle, and apoptosis through regulating SOCS3/JAK-STAT signaling pathway.
Immunopharmacol. Immunotoxicol. 2018, 40, 278-283. [CrossRef]

Depeille, P.; Henricks, L.M.; van de Ven, R.A.; Lemmens, E.; Wang, C.Y.; Matli, M.; Werb, Z.; Haigis, KM.;
Donner, D.; Warren, R.; et al. RasGRP1 opposes proliferative EGFR-SOS1-Ras signals and restricts intestinal
epithelial cell growth. Nat. Cell Biol. 2015, 17, 804-815. [CrossRef]

Waseem, T.; Duxbury, M.; Ashley, S.W.; Robinson, M.K. Ghrelin promotes intestinal epithelial cell proliferation
through PI3K/Akt pathway and EGEFR trans-activation both converging to ERK 1/2 phosphorylation. Peptides
2014, 52, 113-121. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 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.ygeno.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29775785
http://dx.doi.org/10.17582/journal.pjz/2018.50.2.703.709
http://dx.doi.org/10.1093/jas/skx017
http://dx.doi.org/10.1017/S0007114519003222
http://dx.doi.org/10.1152/ajpgi.2001.281.1.G111
http://dx.doi.org/10.1111/j.1365-2184.2011.00733.x
http://dx.doi.org/10.1080/08923973.2018.1455208
http://dx.doi.org/10.1038/ncb3175
http://dx.doi.org/10.1016/j.peptides.2013.11.021
http://www.ncbi.nlm.nih.gov/pubmed/24365237
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Animals and Rumen Tissue Collection 
	RNA Isolation, Library Construction, and Sequencing 
	miRNAs Data Analyses and qPCR Validation 
	Expression Vector Construction 
	Cell Culture, Transfection, and Expression Detection 
	Luciferase Reporter Assay 
	Cell Proliferation Assays 
	Dual-Color Fluorescence In Situ Hybridization 
	Statistical Analyses 

	Results 
	miRNAs Expression Profile and DEMs in Goat Rumens 
	GO and KEGG Pathway Analyses of Putative Target Genes 
	Candidate miR-148a-3p Expression and Target Gene Analysis 
	Co-Localization of miR-148a-3p and QKI in Goat Digestive Tissues 
	miR-148a-3p Affects Cell Proliferation by Targeting QKI 

	Discussion 
	Conclusions 
	References

