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A B S T R A C T

MicroRNAs (miRNAs) expressions are altered by maternal stresses and nutritional status. Our previous study has
demonstrated that maternal manganese (Mn) addition could protect chick embryos against maternal heat stress
via enhancing anti-apoptotic ability in embryonic hearts. The objective of this study was to investigate whether
this protective effect could be achieved via miRNA mechanisms, and also be sustained in offspring broilers. A
completely randomized design with a 2 (maternal normal and high temperatures: 21 and 32 °C) × 2 (maternal
control basal diet and the basal diet + 120 mg Mn/kg) factorial arrangement of treatments was adopted. Totally
96 broiler breeder hens were allotted to 4 treatments with 6 replicates. Subsequently, 24 hatched chicks from
each maternal treatment were divided into 6 replicates. Maternal supplemental 120 mg Mn/kg reduced the
increased expressions of miR-1551 and miR-34c in hearts of offspring embryos but not broilers under maternal
heat stress. B-cell CLL/lymphoma 2 (BCL2) and NF-κB-inducing kinase (NIK) genes related to anti-apoptotic ability
were identified as direct targets for miR-1551 and miR-34c, respectively. Under maternal heat stress, maternal
supplemental 120mg Mn/kg activated target BCL2 expression and NIK-dependent NF-κB pathway via mediating
miR-1551 and miR-34c expressions in hearts of offspring embryos rather than broilers.

1. Introduction

MicroRNAs (miRNAs) as epigenetic markers in embryonic tissues
can be reprogrammed by maternal environmental exposures and nu-
tritional status (Constantinof et al., 2016; Wu et al., 2004). Previous
studies have shown that maternal environmental stresses could alter the
biogenesis of miRNA and mRNA expressions of target genes in the
embryonic tissues of zebrafish and drosophila (Flynt et al., 2009;
Leaman et al., 2005; Li et al., 2009). The aberrant miRNAs could further
induce the abnormal embryonic development via modulating apop-
totic-related gene expressions (Adlakha and Saini, 2011; Carraco et al.,
2014). Studies in vitro have demonstrated that miRNA-15/16 and
miRNA-1/181c directly inhibited target anti-apoptotic protein B-cell
CLL/lymphoma 2 (BCL2) expression, and then resulted in the increase
of apoptosis in lymphocyte (Cimmino et al., 2005) and cardiomyocyte

(Tang et al., 2009; Wang et al., 2015), respectively. Besides, miRNAs as
the new effectors and regulators play a crucial role in mediating
apoptosis indirectly via the noncanonical nuclear factor-kappa B (NF-
κB) pathway (Boldin and Baltimore, 2012; Uno et al., 2014). Epigenetic
loss of miR-31 increased apoptosis resistance by activating the non-
canonical NF-κB pathway in adult T-lymphocytes and other cancers
(Yamagishi et al., 2012). The roles of maternal macronutrients (e. g.
amino acid and fat) and micronutrients (e. g. vitamins and copper) in
modulating the miRNA expressions in mice and minipigs have been
reviewed by Chango and Pogribny (2015). Chick embryos are easier to
obtain and manipulate than most other vertebrate species. Further-
more, miRNA expressions in chick embryos have been characterized
and the functions of miRNAs are conserved across many species
(Carraco et al., 2014; Darnell et al., 2006). Manganese (Mn) functioning
as a metal cofactor of the metalloenzyme Mn superoxide dismutase
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(MnSOD) could enhance the antioxidant ability by scavenging excessive
reactive oxygen species (Fridovich, 1995). One study from our labora-
tory has showed that supplemental 120mg Mn/kg might alleviate
oxidative stress induced by high temperature in broiler breeders com-
pared to Mn-unsupplemented control (Zhu et al., 2015). Furthermore,
another our previous study has demonstrated that maternal supple-
mental 120mg Mn/kg could protect offspring chick embryos against
maternal heat stress by enhancing the anti-apoptotic ability in chick
embryonic hearts compared to Mn-unsupplemented control (Zhu et al.,
2017). However, it is unknown whether maternal Mn nutrition could
enhance the anti-apoptotic ability in the embryonic hearts from ma-
ternal heat stress by mediating related miRNA expressions and then
regulating the target BCL2 expression and noncanonical NF-κB
pathway.

It is now recognized that maternal epigenetic factors that do not
alter the sequence of DNA base pairs could cause the acquired changes
of offsprings at the different developmental stages by modulating the
expressions of related miRNAs and target genes (Smythies et al., 2014).
In mice, Rodgers et al. (2013) found that increased expressions of 9
specific sperm miRNAs resulting from parental stress were observed in
the offsprings throughout puberty and in adulthood. Kawano et al.
(2012) also found that the 2 novel miRNAs (spR-12 and spR-14) pro-
viding resistance to the periodate-oxidation-mediated reaction in one-
cell embryos could be maintained at the preimplantation stage, but not
at the later differentiation stages. Although anti-maternal heat-stressed
effects of maternal Mn nutrition via the enhancement of anti-apoptotic

ability were proved in the chick embryonic hearts in our previous study
(Zhu et al., 2017), it is unclear whether this protective effect could be
sustained in the hearts of offspring broilers via miRNA mechanisms.
Therefore, in the present study, it was hypothesised that maternal Mn
nutrition could modulate the expressions of related miRNAs and target
genes to enhance the anti-apoptotic ability in the hearts of offspring
embryos and broilers from maternal heat stress. To test the above hy-
pothesis, the expressions of miRNAs and target anti-apoptotic genes
induced by maternal heat stress and Mn nutrition were investigated in
the hearts of both offspring embryos and broilers in the present study.

2. Materials and methods

2.1. Birds and diets

All experimental procedures were approved by the Animal
Management Committee (in charge of animal welfare issue) of the
Institute of Animal Science, Chinese Academy of Agricultural Sciences
(IAS-CAAS, Beijing, China) and performed in accordance with the
guidelines. Ethical approval on animal survival was given by the animal
ethics committee of IAS-CAAS. This experiment included 3 consecutive
phases with maternal laying broiler breeder hens, their offspring em-
bryos and broilers. Experimental design and treatments for the ma-
ternal laying broiler breeder hen and offspring embryo phases were
described in details in our previous studies (Zhu et al., 2015, 2017).
Briefly, a completely randomized design with a 2 [maternal normal and

Fig. 1. Verification of the expressions of miR-1551 (A), miR-34c (B), miR-34b (C) and miR-31 (D) obtained in high-throughput sequencing in the embryonic heart by
RT-qPCR. Based on the 2-way ANOVA analyses, “*” means significant differences at P < 0.03 between M-NT (n=12) and M-HT (n=12) as determined by a main
effect of maternal environmental temperature; lacking common letters (a, b) means significant differences (P < 0.07) between single bars (individual treatments,
n=6) as determined by their interaction. All values are expressed as means ± SE. M-TEMP=maternal environmental temperature; M-Mn=maternal dietary
manganese (Mn); M-NT=maternal normal temperature; M-HT=maternal high temperature; M-CON= the maternal Mn-unsupplemented control basal diet; M-
iMn= the maternal control basal diet supplemented with 120mg Mn/kg as the inorganic Mn sulfate.
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high environmental temperatures of 21 (M-NT) and 32 °C (M-HT)] × 2
[the maternal control basal diet without Mn supplementation (M-CON;
14.3 mg Mn/kg by analysis) and the M-CON diet + 120 mg Mn/kg as
the inorganic Mn sulfate (M-iMn; 133 mg Mn/kg by analysis)] factorial
arrangement of treatments was adopted. Therefore, a total of 96 18-wk-
old Arbor Acres laying broiler breeder hens were randomly allotted to 4
maternal treatments with 6 replicates of 4 birds per replicate for each
treatment. The whole experimental period lasted for 23 weeks, in-
cluding the adaption (18–29 weeks of age), Mn-depletion (30–31 weeks
of age) and experimental (32–40 weeks of age) stages. The composition
and nutrient levels of the Mn-unsupplemented corn-soybean meal basal
diet for the maternal laying broiler breeder hens during the Mn-de-
pleting and the experimental stages, as well as lighting and feeding
management throughout the experiment, were the same as described in
our previous study (Zhu et al., 2015). All hatched eggs collected from
the above 4 maternal treatments during the last 2 weeks of the ex-
perimental period were incubated at a normal incubation temperature
of 37.8 °C and a relative humidity of 55–60% for the 21-day offspring
embryonic phase. The details of incubation manipulation were the same
as described in our previous study (Zhu et al., 2017). After hatching, 24
hatched chicks from each maternal treatment group were divided into 6
replicates, with 4 chicks (2 males and 2 females) per replicate based on
the average birth weight of each maternal treatment, resulting in a total
of 96 offspring broilers. The offspring broilers from all maternal treat-
ments were kept in the whole room where initial temperatures were
33±1 °C at the first week and then reduced by 2–3 °C every week
gradually to 23±1 °C until the end of the experiment. A constant 24 h-
lighting was maintained. The birds were allowed ad libitum access to the
same offspring diets and tap water according to the guidelines approved
by Arbor Acres Farm (Arbor Acres, Huadu Broiler Company, Beijing,

China). The corn-soybean meal diets for offspring broilers
(Supplementary Table S1) were formulated to meet or exceed the NRC
(1994) requirements including Mn during 1–42 days of age. Body
weight, feed intake and mortality of birds in each replicate cage were
recorded during days 1–42. On day 42, 2 fasted birds (1 male and 1
female) from each replicate cage were randomly selected, weighed, and
killed by cervical bleeding. The carcasses were eviscerated and weighed
to determine the dressing and eviscerated yield percentages. The left
breast and leg muscles and abdominal fat were removed and weighed to
determine the percentages of the breast and leg muscles and abdominal
fat.

2.2. Sample collections and preparations

On day 18.5 of incubation, 24 offspring embryos (6 replicates of 4
embryos per replicate) from each treatment were killed by cervical
dislocation. On day 42 after hatching, the rest 2 fasted offspring broilers
(1 male and 1 female) from each replicate were killed by cervical dis-
location. Heart samples from the offspring embryos and broilers were
immediately dissected and frozen in liquid nitrogen, and then stored at
−80 °C for further analyses. The samples with equal weight of in-
dividual offspring embryos or broilers per replicate cage were pooled
prior to analyses.

2.3. MiRNA library preparation and sequencing

Total RNA of 24 samples from 4 maternal groups was extracted
using the standard Trizol method according to the manufacturer’s in-
structions. Equal amount sub-samples of the embryonic heart RNA
samples from 6 replicates in each treatment were pooled into 1 mixed

Fig. 2. Verification of the expressions of miR-205b (A), miR-216a (B) and miR-6643 (C) obtained in high-throughput sequencing in the embryonic heart by RT-qPCR.
Based on the 2-way ANOVA analyses, “*” means significant differences at P < 0.05 between M-NT (n=12) and M-HT (n=12) as determined by a main effect of
maternal environmental temperature. All values are expressed as means ± SE. M-TEMP=maternal environmental temperature; M-Mn=maternal dietary man-
ganese (Mn); M-NT=maternal normal temperature; M-HT=maternal high temperature; M-CON= the maternal Mn-unsupplemented control basal diet; M-
iMn= the maternal control basal diet supplemented with 120mg Mn/kg as the inorganic Mn sulfate.

X. Liao, et al. Journal of Thermal Biology 84 (2019) 190–199

192



sample for analyses. Then, high-throughput sequencing for miRNAs was
performed as described previously. Briefly, a miRNA sequencing library
was prepared by ligating sequentially to 3' and 5' RNA adapters using
RNA ligase (Promega, Madison, WI, USA). Ligation products were then
amplified in situ and finally sequenced for 36 cycles on Illumina
HiSeq2000 according to the manufacturer’s instruction (Illumina, San
Diego, CA, USA). Subsequently, 3' adapter sequences were deleted from

clean reads and the reads that were shorter than 15 nt were excluded
from further analysis. The miRNA expression levels were measured and
normalized as transcripts per million of total aligned miRNA reads
(TPM) aligned to known Gallus gallus pre-miRNAs in miRBase 21.0. The
lengths and composition of all sequenced sRNAs were listed in
Supplementary Fig. S1 and Supplementary Table S2. Firstly, fold-
change ≥ 2.0 or ≤0.5 and false discovery rate (FDR) < 1% were se-
lected to screen the differentially expressed miRNAs by multiple com-
parisons of 4 maternal groups. Secondly, differentially expressed
miRNAs were further screened and identified by pairwise comparisons
among the 4 maternal groups. Then 6 sets of differentially expressed
miRNAs were obtained after the pairwise comparisons. Finally, differ-
entially expressed miRNAs were ordered and narrowed according to the
occurrence rates of miRNAs in the above screened 6 miRNAs sets. Top 7
differentially expressed miRNAs were screened according to the oc-
currence of miRNAs in the above 6 sets and then validated using RT-
qPCR method.

2.4. RT-qPCR for miRNA

Total RNA from each heart sample was reversely transcribed to
generate cDNA with a gene-specific primer (for miRNAs) and oligo dT
primer (for TFs) using a Superscript™III reverse transcriptase kit (Cat #
218161, Qiagen, Carlsbad, CA, USA) in accordance with the manufac-
turer's instructions. The sequences of RT primers for miRNA are pre-
sented in Supplementary Table S3. The qPCR reaction was performed
with QuantiTect SYBR Green PCR Master Mix (Cat # 218161, Qiagen,
Carlsbad, CA, USA) by ABI 7500 real-time PCR system (Applied Bio-
systems) using the procedure: 95 °C for 15min to denature DNA tem-
plates, followed by 40 cycles of 95 °C for 15 s, 60 °C for 34 s. The Gallus
U6 gene was used as the internal control. Expression fold-changes were
calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).

Fig. 3. Validation of the predicted target BCL2 and NIK for miR-1551 and miR-34c. Putative binding sequences of miR-1551 and miR-34c were predicted for the
mRNA 3’-UTR of BCL2 (A) and NIK (C), respectively. Mutation was generated on the mRNA 3’-UTR of BCL2 and NIK sequences in the complementary site for the seed
regions of miR-1551 and miR-34c, respectively. Dual-luciferase reporter assays were performed to test luciferase activity of the interaction between miR-1551 and
BCL2 mRNA site (B) or between miR-34c and NIK mRNA site (D). “*”means significant differences at P < 0.05 between the negative control (NC, n=6) and miRNA
constructs (n= 6) for WT. All values are expressed as means ± SE. WT=wild-typle; MUT=mutant; BCL2=B-cell CLL/lymphoma 2; NIK=nuclear factor-kappa
B-inducing kinase.

Table 1
Summary of 7 differentially expressed candidate miRNAs in embryonic hearts
subjected to maternal environmental temperature and dietary Mn.

MicroRNAs Chromosomal
position

Fold change

T2/T1 T3/T1 T4/T1 T3/T2 T4/T2 T4/T3

miR-1551 chr14_11115 1.70 1.30 0.10 0.76 0.06 0.08
miR-34c chr24_22696 0.63 1.31 0.13 2.10 0.20 0.10
miR-34b chr24_22694 0.62 1.57 0.48 2.54 0.77 0.30
miR-31 Z_46241 2.00 4.00 1.58 2.09 0.83 0.40
miR-205b chr1_3711 1.72 1.13 3.84 0.66 2.23 3.39
miR-216a chr3_26875 0.33 6.67 3.67 20.00 11.00 0.55
miR-6643 chr14_11720 2.50 1.50 2.00 0.60 0.80 1.33

The miRNAs displaying fold-change ≥ 2.0 up-regulation or ≤0.5 down-reg-
ulation were selected as the differentially expressed miRNAs of the mixed
embryonic heart samples. The above 7 differentially expressed miRNAs were
screened according to the occurrence of miRNAs in the 6 sets of differentially
expressed miRNAs after pairwise comparisons among the 4 maternal treat-
ments. T1= the maternal Mn-unsupplemented control basal diet (M-CON)
under maternal normal temperature (M-NT); T2= the maternal control basal
diet supplemented with 120mg Mn/kg as the inorganic Mn sulfate (M-iMn)
under maternal normal temperature (M-NT); T3= the maternal Mn-un-
supplemented control basal diet (M-CON) under maternal high temperature (M-
HT); T4= the maternal control basal diet supplemented with 120mg Mn/kg as
the inorganic Mn sulfate (M-iMn) under maternal high temperature (M-HT).
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2.5. RT-qPCR for mRNA expression

MiRDB was used to predict the target genes of the differentially
expressed miRNAs. In order to validate the expressions of predicted
targets for dysregulated miRNAs in the chick embryos and offsprings,
RT-qPCR of sub-samples from heart samples of 4 maternal treatments
was performed for target gene mRNA expression, according to pre-
viously reported methods (Qin et al., 2017). The PCR primers for
mRNAs are listed in Supplementary Table S3.

2.6. Western blotting for protein expression

Total protein was extracted with ice-cold RIPA lysis buffer (Cat
#P0013B, Beyotime Institute of Biotechnology, Haimen, China). The

procedure following the preparation of the protein sample and SDS-
PAGE, blotting transfer and detection of the protein specific antibodies
were performed as described previously (Qin et al., 2017). The fol-
lowing primary antibodies are listed in Supplementary Table S4.

2.7. Luciferase reporter assay

The wild-type BCL2 and NIK 3’ untranslated regions (3’-UTR) con-
taining the predicted miR-1551 and miR-34c target sequence A and C),
respectively were amplified from genomic DNA (293T cells) and cloned
into the pGL3 firefly luciferase control vector (Promega Madison, WI,
USA) at the XbaI restriction site immediately downstream of the luci-
ferase reporter gene. Each of these vectors was co-transfected with
Renilla plasmid psiCHECK and miR-1551/miR-34c mimics

Fig. 4. Target BCL2 and NIK expressions in the embryonic heart. The geometric mean of internal references, β-actin and GAPDH, was used to normalize the mRNA
expressions of target BCL2 (A) and NIK (B). The GAPDH was selected to normalize the protein expressions of target BCL2 (C) and NIK (D). Representative im-
munoblots of the indicated proteins were shown (E). Based on the 2-way ANOVA analyses, lacking common letters (a, b) means significant differences at P < 0.007
between single bars (individual treatments, n=6) as determined by their interaction. All values are expressed as means ± SE. M-TEMP=maternal environmental
temperature; M-Mn=maternal dietary manganese (Mn); M-NT=maternal normal temperature; M-HT=maternal high temperature; M-CON= the maternal Mn-
unsupplemented control basal diet; M-iMn= the maternal control basal diet supplemented with 120mg Mn/kg as the inorganic Mn sulfate; BCL2=B-cell CLL/
lymphoma 2; NIK= nuclear factor-kappa B-inducing kinase.
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(Genepharma, Shanghai, China) into 293T cells in 48-well plates using
Lipofactamine 2000 (Invitrogen, Carlsbad, CA, USA). The 2 ng Renilla
reporter was mixed with either miRNA negative control or precursor
miRNA at a 100 nmol/L final concentration using the Lipofectamine
2000 reagent according the manufacturer’s instructions (Invitrogen
Carlsbad, CA, USA). After 24-h post-transfection, luciferase activity was
measured with Dual-Glo (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Mutant constructs of BCL2 and NIK 3’-
UTRs with a mutant target sequences were made by site-directed mu-
tagenesis to replace seed sequence with BglII cleavage site. The cloned
wild-type and mutant target fragments were sequenced following se-
quence alignment algorithms (Supplementary Fig. S2).

2.8. Statistical analyses

Data were analyzed by 2-way ANOVA using the general linear
model procedure of the SAS 9.4 (SAS Institute Inc., Cary, NC, USA), and
the model included the main effects of maternal environmental tem-
perature, maternal dietary Mn, and their interaction. Treatment com-
parisons for significant differences were tested using the least sig-
nificant difference method. Each replicate served as the experimental
unit for all statistical analyses. Significant differences were set at
P < 0.10 (Li et al., 2004; Liao et al., 2017; Luo et al., 2007). The FDR
was estimated using the Benjamini-Hochberg method (1995), and the
statistical significance for differential expressions of miRNAs was set at
FDR < 1%.

3. Results

3.1. Identification of miRNAs regulated by maternal environmental
temperature and dietary Mn

The sequencing data were analyzed using miRBase 21.0 (Kong et al.,
2015). A total of 237 candidate miRNAs were identified (Supplemen-
tary Dataset S1), and each identified in the maternal treatments was at
more than 7.5 transcripts per million (TPM) in total. We found that 109
miRNAs were significantly overexpressed (fold-change≥ 2.0 and
FDR < 1%) or underexpressed (fold-change≤ 0.5 and FDR < 1%)
after pairwise comparisons among the 4 maternal treatments. Seven
differentially expressed miRNAs were screened, consisting of miR-1551,
miR-34c, miR-34b, miR-31, miR-205b, miR-216a, and miR-6643
(Table 1). To validate the results of miRNA sequencing, the above
mentioned 7 miRNAs (either up-regulated or down-regulated) were
selected for analysis by RT-qPCR. Maternal environmental temperature
had an effect (P < 0.05) on expressions of miR-31, miR-205b, miR-
216a, and miR-6643 (Figs. 1D and 2A-2C). In addition, the interaction
between maternal environmental temperature and dietary Mn affected
(P < 0.08) miR-1551, miR-34c and miR-34b expressions (Fig. 1A–C).
However, maternal dietary Mn did not affect (P > 0.12) the 7 miRNA
expressions. Compared to M-NT, M-HT increased (P < 0.05) the
transcript abundances of miR-31, miR-205b, miR-216a and miR-6643
in the embryonic heart. Under M-NT, no differences (P > 0.10) were
observed in miR-1551 and miR-34c expressions between M-CON and
M-iMn; however, under M-HT, M-iMn decreased the miR-1551
(P < 0.03) and miR-34c (P < 0.07) expressions in the embryonic
heart compared to M-CON (Fig. 1A and B).

Fig. 5. Expressions of miR-1551, miR-34c, miR-34b and miR-31 in the heart of offspring broilers. According to the most differentially expressed miRNAs with an
interaction between maternal environmental temperature and dietary Mn screened in the chick embryonic heart, the expressions of miR-1551 (A), miR-34c (B), miR-
34b (C) and miR-31 (D) were also validated in the heart of offspring broilers by RT-qPCR. Based on the 2-way ANOVA analyses, lacking common letters (a, b) means
significant differences (P < 0.09) between single bars (individual treatments, n=6) as determined by their interaction. All values are expressed as means ± SE. M-
TEMP=maternal environmental temperature; M-Mn=maternal dietary manganese (Mn); M-NT=maternal normal temperature; M-HT=maternal high tem-
perature; M-CON= the maternal Mn-unsupplemented control basal diet; M-iMn= the maternal control basal diet supplemented with 120mg Mn/kg as the inorganic
Mn sulfate.
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3.2. BCL2 and NIK are direct targets of miR-1551 and miR-34c

To identify candidate miRNA-regulated target genes, the most dif-
ferentially expressed miRNAs (miR-1551 and miR-34c) with an inter-
action between maternal environmental temperature and dietary Mn
were predicted by miRDB and the target genes were then submitted to
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway for ana-
lysis. The KEGG pathway database is copyrighted by Kanehisa labora-
tories (Kanehisa et al., 2017, 2019; Kanehisa and Goto, 2000). We

found that the dysregulated miRNAs significantly affected the pathway
of apoptosis by targeting 7 genes via this analysis (Supplementary Fig.
S3). The key genes of BCL2 and NIK related to anti-apoptotic ability
were predicted to be targeted by miR-1551 and miR-34c, respectively.
The results of Luciferase-3’ UTR reporter assays demonstrated that miR-
1551 and miR-34c significantly decreased (P < 0.05) the relative lu-
ciferase activities for WT containing targeting site in BCL2 and NIK as
compared with the negative control, respectively (Fig. 3B and D).
However, either miR-1551 or miR-34c binding sites in BCL2 and NIK

Fig. 6. Expressions of target BCL2 and NIK in the heart of offspring broilers. The geometric mean of internal references, β-actin and GAPDH, was used to normalize
the mRNA expressions of target BCL2 (A) and NIK (B). The GAPDH was selected to normalize the protein expressions of target BCL2 (C) and NIK (D). Representative
immunoblots of the indicated proteins were shown (E). Based on the 2-way ANOVA analyses, lacking common letters (a, b) means significant differences (P < 0.04)
between single bars (individual treatments, n= 6) as determined by their interaction. All values are expressed as means ± SE. M-TEMP=maternal environmental
temperature; M-Mn=maternal dietary manganese (Mn); M-NT=maternal normal temperature; M-HT=maternal high temperature; M-CON= the maternal Mn-
unsupplemented control basal diet; M-iMn= the maternal control basal diet supplemented with 120mg Mn/kg as the inorganic Mn sulfate; BCL2=B-cell CLL/
lymphoma 2; NIK= nuclear factor-kappa B-inducing kinase.
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3’UTR were mutated, and no differences (P > 0.14) in the relative
luciferase activities were observed between miRNAs (either miR-1551
or miR-34c) treatment and the negative control (Fig. 3B and D).

3.3. MiRNA-mediated target gene mRNA and protein expressions in the
chick embryonic heart

To investigate the relationship between miR-1551 and target BCL2
in vivo as well as the epigenetic transmission of the miR-1551-mediated
BCL2 expressions between the embryonic stage and offspring broiler
stage, the related data on BCL2 mRNA and protein expressions in the
embryonic heart published in our previous study (Zhu et al., 2017)
were used in the present study. Firstly, we studied the relationship
between transcript abundances of miR-1551 and miR-34c and their
target mRNA expressions of BCL2 and NIK in the embryonic heart.
Maternal environmental temperature affected (P < 0.02) BCL2 mRNA
expression and had no effect (P > 0.21) on NIK mRNA expression in
the embryonic heart (Fig. 4A and B). Embryonic heart BCL2 and NIK
mRNA expressions were affected (P≤ 0.05) by the interaction between
maternal environmental temperature and dietary Mn, but were not
affected (P > 0.14) by maternal dietary Mn (Fig. 4A and B). Under M-
NT, no difference (P > 0.26) in BCL2 mRNA expression was observed
between M-CON and M-iMn, but under M-HT, M-iMn increased
(P < 0.007) the BCL2 mRNA expression in the embryonic heart com-
pared with the M-CON (Fig. 4A). Compared to M-NT, M-HT decreased
(P < 0.05) the NIK mRNA expression from the M-CON group, but had
no effect (P > 0.46) on it from the M-iMn group (Fig. 4B). We subse-
quently investigated the protein expressions of BCL2 and NIK regulated
by miR-1551 and miR-34c, respectively. Protein expressions of BCL2
and NIK in the embryonic heart were affected (P≤ 0.05) by maternal
dietary Mn and the interaction between maternal environmental tem-
perature and dietary Mn, but were not affected (P > 0.25) by maternal
environmental temperature (Fig. 4C and D). Under M-NT, no differ-
ences (P > 0.32) in BCL2 and NIK protein expressions were observed
between M-CON and M-iMn; however, under M-HT, M-iMn increased
(P < 0.004) the protein expressions of BCL2 and NIK in the embryonic
heart compared with the M-CON (Fig. 4C and D). The change of target
BCL2 protein expression was consistent with that of the target mRNA
expressions in the embryonic hearts from M-CON and M-iMn under
maternal heat stress.

3.4. MiRNAs and target gene expressions in the heart of offspring broilers

Firstly, we found that maternal heat stress, maternal dietary Mn and
their interaction had no effects (P > 0.11) on growth performance
(Supplementary Fig. S4) and carcass traits (Supplementary Fig. S5) of
offspring broilers during d 1–42. And no dead birds were observed in all
treatments throughout the offspring broiler stage. The interaction be-
tween maternal environmental temperature and dietary Mn affect
(P < 0.08) the expressions of miR-1551 and miR-34c (Fig. 5A and B),
and had no effect (P > 0.29) on the expressions of miR-34b and miR-
31 in the heart of offspring broilers (Figs. 5C and 4D). The above 4
miRNA expressions were not affected (P > 0.15) by maternal en-
vironmental temperature or maternal dietary Mn (Fig. 5A–D). Com-
pared to M-NT, M-HT up-regulated (P < 0.09) the miR-1551 and miR-
34c expressions from the M-CON group, but had no effect (P > 0.31)
on those from the M-iMn group (Fig. 5A and B). As for target gene
expressions in the heart of offspring broilers, the mRNA and protein
expressions of BCL2 and NIK were not influenced (P > 0.17) by ma-
ternal environmental temperature and maternal dietary Mn
(Fig. 6A–D). The interaction between maternal environmental tem-
perature and dietary Mn affected (P=0.04) BCL2 mRNA expression
(Fig. 6A) and had no effect (P > 0.21) on the expressions of NIKmRNA
as well as BCL2 and NIK proteins (Fig. 6B–D) in the heart of offspring
broilers. Compared to the M-NT, M-HT increased (P < 0.04) BCL2
mRNA expression in the heart of offspring broilers from the M-iMn

group, but had no effects (P > 0.25) on that from M-CON group.

4. Discussion

Responding to maternal stresses, miRNA expression patterns could
be restored or reprogramed to modulate the expressions of mRNA tar-
gets in the tissues of offsprings (Constantinof et al., 2016). In the pre-
sent study, the expressions of 6 miRNAs (miR-1551, miR-34c, miR-34b,
miR-31, miR-205b, miR-216a, and miR-6643) were up-regulated in the
embryonic heart in response to maternal heat stress. As reported pre-
viously in lymphoblast cells, exposure to cellular stress from sodium
arsenite led to global increases in miRNA expressions (Marsit et al.,
2006). Environmental stresses up-regulated miRNA biogenesis with the
increase of the transcription of the primary miRNAs and the processing
of a population of pri-miRNAs via the induction of p53 (Corney et al.,
2007; Raver-Shapira et al., 2007; Suzuki et al., 2009). The aberrant
miRNA expressions due to maternal stresses could further delay the
development of embryos (Carraco et al., 2014; Riley et al., 2013). For
instance, inhibiting mir-125a caused improper segmentation during
chick somitogenesis by the translation repression and mRNA degrada-
tion of the lunatic fringe gene (Riley et al., 2013). As reported in zeb-
rafish, miR-430 mutation delayed the maternal-to-zygote transition and
gastrulation (Bazzini et al., 2012; Giraldez et al., 2006). Our results
suggested that the abnormal miRNA expression pattern induced by
maternal heat stress could be associated with the impaired embryonic
development as reported in our previous study (Zhu et al., 2017).

It has been primarily acknowledged that miRNA expression patterns
could be reprogrammed to modulate both the level of mRNA stability
by conducting mRNA degradation and the level of translation by in-
hibiting protein translation or degrading the polypeptides through
binding complementarily to 3’-UTR of the target mRNAs (Guo et al.,
2010; Valinezhad et al., 2014). Effects of maternal macronutrients (e. g.
amino acid and fat) and micronutrients (e. g. vitamins and copper) on
miRNA expressions in mice and minipigs have been reviewed by
Chango and Pogribny (2015). Therefore, understanding the contribu-
tion of nutritionally-modulated miRNA expression during development
may open up new avenues for reducing the negative effects of maternal
environmental stress. Chick embryos are much easier to obtain and
manipulate than fetuses in most other vertebrate species. In addition,
the miRNA expressions and functions in chick embryos have been
characterized (Darnell et al., 2006). In the current study, the differen-
tially expressed miRNA was identified in the hearts of chick embryos
from heat stressed broiler breeder hens with dietary Mn supplementa-
tions using large-scale sequencing and RT-qPCR for miRNAs. Our re-
sults showed that maternal dietary Mn addition could reduce the in-
creased expressions of miR-1551 and miR-34c induced by maternal
heat stress. It is suggested that maternal Mn nutrition could potentially
alter miRNA expressions to protect the embryos against maternal heat
stress by targeting gene expressions. Subsequently, the target genes of
miR-1551 and miR-34c were predicted and confirmed by pairing with
the 3’-UTR using the dual-luciferase reporter assay (Jin et al., 2013). In
the present study, the results of Luciferase-3’ UTR reporter assays in vivo
indicated that the endogenous miR-1551 and miR-34c inhibit BCL2 and
NIK mRNA expressions, respectively. However, as for the mutation of
miR-1551 and miR-34c binding sites in BCL2 and NIK 3’UTR, the in-
hibitory effects were abolished. It was confirmed that BCL2 and NIK
should be direct targets for miR-1551 and miR-34c, respectively.

The anti-apoptotic family protein BCL2 acts as a critical life-death
decision point within the common pathway of apoptosis (Kowaltowski
et al., 2000). Many studies have demonstrated that miRNAs are in-
volved in the regulation of apoptosis pathways by targeting BCL2
(Cimmino et al., 2005; Tang et al., 2009; Wang et al., 2015). In vivo, up-
regulation of miR-1 facilitated the H2O2-induced apoptosis in cardio-
myocytes by targeting BCL2 down-regulation (Tang et al., 2009). As
reported in DLD1 colon cancer cell line, miR-491 induced apoptosis and
decreased cell viability by targeting BCL2 directly (Yu et al., 2016). In
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addition, miR-15a and miR-16 were reported to inhibit cell prolifera-
tion, induce cellular apoptosis, and suppress tumorigenesis by targeting
oncogene BCL2 (Bonci et al., 2008). In the current study, when chick
embryos were subjected to maternal heat stress, BCL2 mRNA and
protein expressions were decreased in the embryonic heart from ma-
ternal Mn-deficient diet as the miR-1551 expression was increased. This
inhibition on target gene expressions induced by miR-1551 might be
associated with the blocked translation and elevated mRNA degrada-
tion. It is implied that maternal Mn nutrition could enhance the anti-
apoptotic ability in the embryonic heart from maternal heat stress by
activating the miR-1551 and target BCL2 expressions, which presented
the protective effects on embryos against the maternal heat stress as
reported in our previous study (Zhu et al., 2017).

MiRNAs as the new effectors and regulators play a crucial role in
mediating apoptosis via noncanonical NF-κB (Boldin and Baltimore,
2012). The noncanonical NF-κB activation contributes to enhancing the
anti-apoptotic responses in cancer cells (Hoesel and Schmid, 2013). Li
et al. (2010) reported that the decreased expressions of miR-15a, miR-
16, and miR-223 resulted in the induction of noncanonical NF-κB target
genes in cancer cells. The NIK plays a pivotal role in the noncanonical
NF-κB pathway as a crucial kinase in receptor-initiating signaling by
phosphorylation of Inducible IκB Kinase α (Iκκα), including the re-
sponses of oxidative stress and apoptosis (Uno et al., 2014). Epigenetic
loss of miR-31 increased apoptosis resistance by activating the non-
canonical NF-κB pathway in adult T-lymphocytes and other cancers
(Yamagishi et al., 2012). In the present study, maternal dietary Mn
supplementation decreased miR-34c expression and activated NIK ex-
pression in the embryonic heart subjected to the maternal heat stress. It
is suggested that maternal Mn nutrition might activate miR-34c-medi-
ated NIK-dependent noncanonical NF-kB pathway to enhance the anti-
apoptotic ability in the embryos from maternal heat stress. However,
we failed to further detect the magnitude of the non-canonical NF-κB
signaling cascades mediated by miRNA expression level because of a
lack of the specific Iκκα and phosphorylated Iκκα proteins for Gallus
gallus.

MiRNAs as epigenetic markers in embryonic tissues could be re-
programmed by maternal environmental exposures and nutritional
status (Constantinof et al., 2016; Wu et al., 2004). Maternal epigenetic
factors could cause the acquired changes in tissues of offsprings at the
different developmental stages by modulating the expressions of related
miRNAs and target genes (Smythies et al., 2014). In mice, the increased
expressions of 9 specific sperm miRNAs resulting from parental stress
were identified in the offspring from puberty to adulthood (Rodgers
et al., 2013). In the present study, the similar aberrant expression
patterns of miR-31 and miR-34c, but not miR-1551, in hearts were
observed in chick embryos and offspring broilers from maternal heat
stress and maternal Mn deficiency. It is suggested that the maternal
heat stress caused some heritable changes of miRNA expressions during
offspring embryos that could be transmitted to the offspring broilers.
After maternal heat stress, the target BCL2 mRNA expression in the
heart of offspring broilers from the M-iMn group was up-regulated as
described in the embryonic heart. However, the expression patterns of
NIK mRNA as well as BCL2 and NIK proteins were inconsistent between
the 2 stages of offspring embryos and broilers. Therefore, as for the
chicken mode used in the present study, the mechanisms of miRNAs as
epigenetic-signaling molecules in regulating target gene expressions to
influence the subsequent offspring stages need to be further studied.

In conclusion, maternal heat stress increased the transcript abun-
dances of miR-31, miR-205b, miR-216a and miR-6643 in chick em-
bryonic hearts. Maternal supplemental 120mg Mn/kg reduced the in-
creased expressions of miR-1551 and miR-34c in hearts of offspring
chick embryos but not broilers induced by maternal heat stress. The
BCL2 and NIK related to anti-apoptotic ability were direct targets for
miR-1551 and miR-34c, respectively. Under maternal heat stress, ma-
ternal supplemental 120mg Mn/kg activated target BCL2 expression
and the NIK-dependent NF-κB pathway via mediating the expressions of

the miR-1551 and miR-34c in hearts of offspring embryos rather than
broilers.
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