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Abstract
Purpose The aim of the study is to investigate the regulation
of DNA repair genes by microRNAs (miRNAs). miRNAs
are short non-coding RNAs that regulate transcriptional and
post-transcriptional gene silencing. Several miRNAs that are
expressed during preimplantation embryo development have
been shown or are predicted to target genes that regulate cell
cycle checkpoints and DNA repair in response to DNA
damage.
Methods This study compares the expression level of 20
miRNAs and 9 target transcripts involved in DNA repair.
The statistical significance of differential miRNA expression
between oocytes and blastocysts was determined by t test
analysis using the GraphPad Prism v6 software. The possi-
ble regulatory roles of miRNAs on their target messenger

RNAs (mRNAs) were analysed using a Pearson correlation
test.
Results This study shows for the first time that several
miRNAs are expressed in human oocytes and blastocysts that
target key genes involved in DNA repair and cell cycle check-
points. Blastocysts exhibited statistically significant lower ex-
pression levels for the majority of miRNAs compared to oo-
cytes (p<0.05). Correlation analyses showed that there was
both inverse and direct association between miRNAs and their
target mRNAs.
Conclusions miRNAs target many mRNAs including
ones involved in DNA repair mechanisms. This study
suggests that miRNAs and their target mRNAs involved
in DNA repair are expressed in preimplantation embryos.
Similar to the miRNAs expressed in adult tissues, these
miRNAs seem to have regulatory roles on their target
DNA repair mRNAs during preimplantation embryo
development.
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Introduction

Coordination of the cell cycle and activation of DNA repair
mechanisms upon DNA damage are crucial in the early
developing embryo to preserve the genomic integrity. If
the repair mechanisms are unable to repair the damage,
apoptosis of an embryonic cell can be detrimental to the
early developing embryo [1]. Therefore, correct activation
of genes and proteins is critical for the survival of a pre-
implantation embryo.

Capsule In this study, we have shown that the miRNAs expressed in
human oocytes and blastocysts are associated with their target genes that
are involved in DNA repair.
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The regulation of transcripts is controlled by complex
mechanisms. Recent studies proposed that more than half
of the human transcriptome is regulated by microRNAs
(miRNAs) [2, 3]. Several miRNAs have been shown to
regulate and be regulated by genes functioning at cell
cycle checkpoints [4–10] and in different repair mecha-
nisms: nucleotide excision repair [11], mismatch repair
[12–15] and double-strand break repair [16–21] in cancer
cells and cell lines.

MiRNAs are small non-coding RNAs of 17–25 nucle-
otides in length which either degrade or inhibit the ex-
pression of their target genes and therefore the function
of these genes can be altered [22–29]. More recently
studies suggested that these non-coding RNAs may sta-
bilise the expression of their target messenger RNAs
(mRNAs) [27, 30–36].

Expression of miRNAs has been observed in murine, bo-
vine and human gametes and preimplantation embryos [22,
25, 37–40]. Similar expression profiles of miRNAs in mature
mouse oocytes and in the early developing embryos were
observed that may be due to the maternally inherited miRNAs
in the early embryo [38]. Expression of miRNAs was also
detected in the sperm, and about 20 % of these miRNAs are
present within the nuclear or perinuclear part of the sperm that
are transferred to the zygote [41]. However, these miRNAs are
thought not to play a significant role since these miRNAs are
already present in the oocytes [42]. Expression levels of these
miRNAs vary during cleavage stage divisions, such that in
murine embryos when the maternally inherited miRNAs are
being degraded, a 60 % decrease in the miRNA expression
was observed [38, 39]. In this study, we investigate the ex-
pression of specific miRNAs that are known to target mRNA
transcripts associated with DNA repair in human oocytes and
blastocysts to correlate the expression profiles of these mRNA
and miRNAs and to elucidate the potential regulatory role and
activity of the repair mechanisms in human oocytes and pre-
implantation embryos.

Materials and methods

This work was licensed by the Human Fertilisation and Em-
bryology Authority (HFEA project reference: RO113), and
ethical approval was granted by the National Research Ethics
Service (NRES), Research Ethics Committee (REC reference
number: 10/H0709/26).

Sample collection and processing

Immature oocytes and surplus cryopreserved blastocysts were
collected from patients who had given an informed consent
following in vitro fertilisation (IVF) treatment. The zona pel-
lucida of oocytes and blastocysts was removed following brief

exposure to acidified Tyrode’s solution (Medi-Cult, Surrey,
UK). The samples were then washed in phosphate-buffered
saline with 0.1 % polyvinyl alcohol solution (PBS/PVA; Sig-
ma, USA) and 0.3 U/μl RNasin plus RNAse inhibitor
(Promega, UK) to prevent RNA degradation. Single oocytes
and single blastocysts were transferred in a minimum volume
of PBS/PVA with RNasin solution to an empty 0.2-ml
MicroAmp reaction tube.

Selection of mRNA and miRNA for analysis

An expression profile of DNA repair genes in human oocytes
and blastocysts was previously established using microarrays
[43, 44]. This study was used as a guideline to identify mRNAs
that were differentially expressed in human oocytes relative to
blastocysts. In order to deduce the activity of different DNA
repair pathways, one sensor gene or a gene functioning at the
earlier stages of the particular repair pathway and one gene
functioning at later stages of the repair pathway were selected.
In addition to this group of repair genes, the expression of one
miRNA-processing gene and one housekeeping gene was
analysed as control genes. miRNAs targeting the selected
DNA repair genes were identified using miRNA databases
(http://www.microrna.org/microrna/home.do, http://www.
targetscan.org/ and http://mirdb.org/miRDB/) and previously
published articles [22, 38, 40, 43, 45, 46]. A further literature
search was conducted to select from these miRNAs that were
shown to be expressed in human, murine and bovine embryos.
Two miRNAs, namely hsa-miR-15a and hsa-miR-212, that
were previously shown to be expressed in human oocytes and
two miRNAs, namely hsa-let-7a and hsa-miR-21, that were
reported to be expressed in human blastocysts were analysed
as controls. Additional 16 miRNAs expressed in murine and
bovine oocytes and blastocysts and embryonic stem cells were
selected from the previous publications.

Oocytes and blastocysts were grouped according to mor-
phological grade and maternal age. For each mRNA and
miRNA, expression analyses were performed in six repeat
samples (six individual oocytes and six individual blastocysts)
to eliminate the sample variation with at least two replicates.

mRNA and miRNA expression

mRNA expression was analysed from 9 oocytes and 10 blas-
tocysts using the TaqMan® Gene Expression Cells-to-CT™
Kit (Ambion, Life Technologies, UK). miRNA expression
was analysed using the TaqMan® MicroRNA Cells-to-CT™
Kit (Ambion, Life Technologies, UK) in a further 22 oocytes
and 23 blastocysts. Both mRNA and miRNA quantification
involved three main steps: lysis, reverse transcription and real-
time quantitative PCR (qPCR). Cell lysis was performed in
25 μl lysis solution with 0.25 μl DNase I at room temperature
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(RT) for 8 min. The lysis was stopped by addition of the 2.5 μl
stop solution and incubation at RT for 2 min.

Reverse transcription and qPCR for both mRNA and
miRNA were performed following the respective manu-
facturer’s protocol. For each reaction, negative controls in
the absence of embryo lysates and cDNA products were
performed. Overall, 10 mRNAs and 20 miRNAs were
analysed. Real-time qPCR for each sample was carried
out in duplicates, and the expression level of each mRNA
or miRNA was determined in a minimum of 6 different
oocytes and 6 different blastocysts. All the samples that
were used for mRNA expression analysis were also tested
for ACTB expression. Similarly, all samples that were
used for miRNA expression analysis were tested for
RNU48. ACTB and RNU48 were selected for endogenous
reference genes since both were shown to be expressed at
a constant level in human oocytes and preimplantation
embryos.

The comparative ΔΔCq method was used to examine the
expression levels of miRNAs and mRNAs [40]. Determina-
tion of Cq values was performed using the LightCycler Nano
Software (Roche, UK), and ΔCq values were determined as
follows after normalisation with the endogenous reference
gene ACTB for mRNA and RNU48 for miRNA, respectively,
for each oocyte and blastocyst sample:

ΔCq ¼ Cqtarget gene−CqACTB
ΔCq ¼ Cqtarget gene−CqRNU48

The fold change was analysed using the relative quantifi-
cation method (2−ΔΔCq)

ΔΔCq ¼ Cqtarget gene−CqACTB
� �

blastocyst− Cqtarget gene−CqACTB
� �

oocyte

ΔΔCq ¼ Cqtarget gene−CqRNU48
� �

blastocyst− Cqtarget gene−CqRNU48
� �

oocyte

Statistical analyses

All the statistical analyses were carried out using the GraphPad
Prism v6 software. The level of expression of each mRNA and
miRNA in oocytes relative to blastocysts was examined by
applying an unpaired two-tailed Student’s t test with the Welch
correction, respectively. The correlation between each miRNA
and its target mRNAwas investigated using the Pearson corre-
lation test. An inverse correlation was defined as r=−1 and a
direct correlation as r=+1 following Pearson correlation test.
Similarly, a perfect correlation was defined as Pearson’s r2 co-
efficient equal to 1. For all the statistical analyses, p<0.05 indi-
cated a statistical significance.

Results

A total of 31 immature oocytes and 33 surplus cryopreserved
blastocysts were collected from 20 women (maternal age 35±
5) and 16 couples (maternal age 38±7), respectively. mRNA
expression of nine transcripts involved in DNA repair and one
involved in miRNA processing was investigated in a total of 9
oocytes and 10 blastocysts. Differentially expressed DNA re-
pair genes in human oocytes and blastocysts were identified
previously [43]. A literature search to identify miRNAs
expressed in human oocytes and blastocysts was performed.
This search was narrowed down on the miRNAs that were
shown or predicted to regulate these differentially expressed
DNA repair genes. From these mRNA and miRNA profiles,
repair genes such as miRNAs targeting an important cell cycle
checkpoint gene, sensor genes from each pathway and genes
involved in different repair pathways were selected to be
analysed in this study (Table 1, Fig. 1). miRNAswere selected
to target more than one gene that is involved in different repair

Table 1 List of miRNAs and their association with DNA repair

Cell cycle checkpoint Nucleotide excision repair Base excision repair Double-strand break repair Mismatch repair

RB1 GTF2H2 ERCC3 PARP1 DCLRE1A PARP1 BRCA1 RAD50 MSH2 MSH3 MSI

Let-7 miR-23b miR-192 miR-7 miR-15a miR-7 miR-7 miR-15a miR-21 miR-7 Let-7a

miR-7 miR-101 miR-31 miR-16 miR-31 miR-145 miR-16 miR-145 miR-21 miR-31

miR-34c miR-128 miR-130 miR-23b miR-130 miR-155 miR-128 miR-155 miR-192 miR-101

miR-101 miR-181c miR-182 miR-128 miR-182 miR-182 miR-155 miR-192 miR-145

miR-128 miR-192 miR-192 miR-145 miR-192 miR-196 miR-194 miR-155

miR-181c miR-212 miR-196 miR-155 miR-196 miR-210 miR-212 miR-181c

miR-192 miR-210 miR-212 miR-210 miR-212 miR-192

miR-194 miR-196b

miR-212 miR-212

Genes involved in cell cycle checkpoint, nucleotide excision, base excision, double-strand break and mismatch repair pathways and the miRNAs
targeting these genes are listed. These associations were either published previously [11, 47–50], or bioinformatics studies showed that these miRNAs
target the mRNAs (http://www.targetscan.org/, http://www.microrna.org/microrna/home.do, http://mirdb.org/miRDB/)
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pathways to be able to have a general idea of the possible
regulatory roles of miRNAs in DNA repair pathways. The
expression of 20 miRNAs targeting these repair genes was
analysed in 22 oocytes and 23 blastocysts, respectively. The
expression level of each mRNA or miRNAwas determined in
a minimum of 6 different oocytes and 6 different blastocysts.
Each analysis was carried out in duplicate.

mRNA and miRNA expression

Quantification for each mRNA and miRNA was performed
after normalisation with endogenous control genes, ACTB
and RNU48, respectively. All 10 mRNAs analysed (PARP1,
BRCA1, RAD50, MSH2 , MSH3 , GTF2H2 , ERCC3,
DCLRE1A, RB1 and DICER) were expressed both in oocytes
and blastocysts. Of the 20 miRNAs analysed, 11 (hsa-let-7a,
hsa-miR-16, hsa-miR-21, hsa-miR-31, hsa-miR-101, hsa-
miR-145, hsa-miR-182, hsa-miR-192, hsa-miR-194, hsa-
miR-210 and hsa-miR-212) were detected in oocytes and 18
(hsa-let-7a, hsa-miR-7-2, hsa-miR-15a, hsa-miR-16, hsa-
miR-21, hsa-miR-23b, hsa-miR-31, hsa-miR-34c, hsa-miR-
101, hsa-miR-128, hsa-miR-130, hsa-miR-145, hsa-miR-
155, hsa-miR-182, hsa-miR-192, hsa-miR-194, hsa-miR-210
and hsa-miR-212) in blastocysts, respectively. Two miRNAs
analysed (hsa-miR-181c and hsa-miR-196) were neither de-
tected in oocytes nor in blastocysts, whereas 7 were only de-
tected in blastocysts (hsa-miR-7-2, hsa-miR-15a, hsa-miR-23,
hsa-miR-34, hsa-miR-128, hsa-miR-130 and hsa-miR-155).
All miRNAs detected in oocytes were also detected in blasto-
cysts. The fold differences of these mRNAs and miRNAs
between oocytes and blastocysts are listed in Supplementary
Table 2.

The expression levels of all mRNAs were significantly
higher in oocytes compared to blastocysts (p<0.05; Fig. 2).
Six miRNAs (hsa-miR-31, hsa-miR-16, let-miR-7a, hsa-miR-
145, hsa-miR-210 and hsa-miR-212) were expressed at sig-
nificantly higher levels in oocytes compared to blastocysts
(Fig. 3), whereas 5 miRNAs (hsa-miR-21, hsa-miR-101,
hsa-miR-182, hsa-miR-192 and hsa-miR-194) were expressed
at similar levels in oocytes and blastocysts.

Correlation between the expression levels of mRNA
and miRNA

TwomiRNAs, hsa-miR-181c and hsa-miR-196, that were nei-
ther expressed in oocytes nor in blastocysts were excluded
from the correlation analysis. Pearson correlation test showed
that there was a trend for both negative and positive correla-
tions between miRNAs and their target mRNAs. Inverse as-
sociations were observed in blastocysts (p<0.05) for hsa-miR-
23b and its target geneGTF2H2, hsa-miR-128 andDCLRE1A
and hsa-miR-128 and RAD50 and direct association for hsa-
miR-34c and RB1 that may indicate a possible stabilisation
effect of miRNAs on their target mRNAs.

Discussion

The level of gene expression is affected by many factors that
may influence the DNA repair capacity. In the recent years,
one of the regulatorymechanisms of transcripts was suggested
to be through miRNA control. Although many studies have
shown that several repair gene transcripts are regulated or
regulate several miRNAs in cancer cells and cell lines, no
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Fig. 1 Schematic diagram of the complex association of miRNAs in
DNA repair pathways. miRNAs that were shown or predicted to target
genes involved in repair are shown in a target map. miRNAs that were
associated with microsatellite instability (indicative of defective
mismatch repair) are also shown in this diagram. miRNAs are colour

coded according to their target mRNAs. Double-strand break repair genes
(DCLRE1A, PARP1, BRCA1 and RAD50) are shown in pink, mismatch
repair genes (MSH2 and MSH3) and microsatellite instability in green,
nucleotide excision repair genes (ERCC3 and GTF2H2) in purple and
checkpoint genes (RB1 and) in blue shades, respectively
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studies were performed to analyse the association between
miRNAs and their target mRNAs involved in DNA repair in
human oocytes and embryos. The aim of this study was to
analyse this association by correlating the expression levels
of a selection of miRNAs and their target mRNAs.

In this study, the expression of 10mRNAs and 20miRNAs
was analysed in human oocytes and blastocysts. The expres-
sion of all the mRNAs tested and 11 miRNAs was detected in
both oocytes and blastocysts. Higher mRNA expression levels
were detected in oocytes relative to the blastocysts (Fig. 2).
This is not surprising since the oocytes are required to be
packed with mRNAs and passed on the early embryo to sup-
port itself until the embryonic genome activation and the ma-
ternal mRNAs are expected to be degraded post embryonic
genome activation. Similar to the repair genes, a majority of

the miRNAs showed a higher expression level in oocytes
relative to blastocysts. It has been well established that
miRNAs silence many genes for translational inhibition,
cleavage, degradation or destabilisation [23–28]. Therefore,
the higher expression of miRNAs in oocytes may be required
to degrade the maternally inherited mRNAs in the early de-
veloping embryos as also reported in zebrafish [51, 52] and in
rainbow trout [53].

More recently studies have proposed that miRNAs may
stabilise their target mRNAs as well [27, 30–36]. This study
further investigated the possibility of the stabilisation effect of
mRNAs on their target mRNAs by analysing whether individ-
ual samples with higher miRNA expression levels might tend
to have higher or consistent expression levels of their target
mRNAs. Alternatively, a correlation in the other direction was

a) Oocyte b) Blastocyst

Fig. 3 miRNA expression levels quantified by real-time PCR after
normalisation with the endogenous control, RNU48. Quantification of
target miRNAs compared to hsa-miR-16 in a oocytes and b blastocysts.
ANOVA followed by Dunnett’s post test was applied to all miRNAs
compared to hsa-miR-16. The x-axis represents all the miRNAs
analysed in this study, and the y-axis represents the ΔCq values. In
oocytes, the expression of hsa-miR-16 was at a higher expression level
compared to the endogenous control RNU48 represented by a negative

profile for this miRNA. miRNAs were colour coded according to their
target genes as in Fig. 2, i.e. miRNAs targeting PARP1 is shown in red,
BRCA1 in pink, RAD50 in light pink, DCLRE1A in mid pink, MSH2
in light green, MSH3 in dark green, ERCC3 in purple, GTF2H2 in
dark purple and RB1 in aqua shades, respectively. ****p<0.001,
the difference in the level of expression of the miRNA from that of
hsa-miR-16 is statistically significant

a) Oocyte b) Blastocyst

Fig. 2 mRNA expression levels quantified by real-time PCR after
normalisation with the endogenous control, ACTB. Quantification of
target mRNAs compared to GTF2H2 is shown to be expressed at the
highest level in a oocytes and b blastocysts. ANOVA followed by
Dunnett’s post test was applied to all the mRNAs normalised to ACTB,
where ****p<0.0001 indicates the most statistical significance;
***0.0001<p<0.001, **0.001<p<0.01 and *0.01<p<0.05 indicate the

less statistical significance; and p≥0.05 indicates no statistical
significance. The x-axis represents all the miRNAs analysed in this
study, and the y-axis represents the ΔCq values. GTF2H2 is shown in
dark purple, PARP1 in red, BRCA1 in pink, RAD50 in light pink, MSH2
in light green,MSH3 in dark green, ERCC3 in purple, DCLRE1A in mid
pink, RB1 in aqua and DICER1 in black shades, respectively
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questioned in order to understand the possible down-
regulatory roles of miRNAs on their targets.

A trend for both direct and inverse relationships was ob-
served between miRNAs and their target mRNAs. It is possi-
ble that these direct and inverse relationships are miRNA spe-
cific and each miRNA regulates each target differently. It may
also depend on the embryonic development stage, or it is
possible that these observations do not hold a biological sig-
nificance. A direct association was observed between the ex-
pression of miRNAs and RB1, active at G1/S transition, in
oocytes and blastocysts. This direct relationship was also ob-
served in oocytes amongst the miRNAs and mismatch repair
genes, MSH2 and MSH3, functioning at G2 cell cycle check-
point. This association may be necessary to stabilise the target
mRNAs in the early developing embryos to direct DNA repair
until the embryonic genome activation. However both direct
and indirect relationships were observed for the nucleotide
excision repair genes as also reported previously for miR-
192 and ERCC3 [11], double-strand break repair and inter-
strand cross-link repair genes. The down-regulatory effect of
some miRNAs on BRCA1 and PARP1 was also reported pre-
viously [54, 55]. The inverse relationships between miRNAs
and their target mRNAs functioning at the G1/S phase of cell
cycle may impair the detection and repair capacity of DNA
damage. This may be the reason for oocytes to continue the
meiotic divisions in the presence of DNA damage as reported
previously by Marangos and Carroll [56].

One of the main limitations of this study was the practical
inability following the expression of miRNA and mRNA
through different developmental stages. We have analysed
the expression level of miRNAs and mRNAs in immature
oocytes and at blastocyst stage of embryonic development.
Previously published studies in humans have shown that
2 % of the miRNAs analysed showed different expression
levels between GV and MII oocytes [40]. Similarly, bovine
studies have shown that miRNA expression varies during pre-
implantation embryo development and embryonic genome
activation [38, 39]. However, in our study due to the scarcity
of human samples, we could only analyse the expression of a
limited number of miRNA and mRNA in limited sample
types. Although the investigation of the miRNA and the target
mRNA expression within the same group of oocytes and blas-
tocysts would provide a more applicable analysis, due to tech-
nical reasons and scarcity of the samples, the analysis was
performed on a separate group of oocytes and blastocysts
obtained from different women and couples. While use of
oocytes and embryos from different women and couples is a
weakness of our study, it could also be considered as strength
since it eliminates any possible hierarchal conclusions. Fur-
thermore, even though there may be some differential miRNA
expression amongst different oocytes and embryos, the differ-
ence is not expected to be significant since none of the patients
were diagnosed with complications, such as polycystic

ovarian syndrome or endometriosis that may have caused dif-
ferences in miRNA expression [57, 58]. With the improve-
ments in the amplification techniques and lowering the bias
introduced, future experiments may be performed on ampli-
fied human samples enabling expression studies on the same
set of oocytes and blastocysts. The amplification has the ben-
efit of analysis of many more miRNAs and mRNAs from the
same set of oocytes and blastocysts. Further studies focusing
on expression analysis of more miRNAs and target mRNAs
will provide better understanding of the association between
miRNAs and their target mRNAs. However, the expression
analyses alone would still not be sufficient to prove a true
regulation and functional studies are crucial for a definite
conclusion.

Conclusions

Regulation of mRNAs involves complex mechanisms,
amongst which included the action of miRNAs. It is well
established that miRNAs target many mRNAs including ones
involved in DNA repair mechanisms. This study showed that
miRNAs and their target mRNAs involved in DNA repair are
expressed in preimplantation embryos. Similar to themiRNAs
expressed in different tissue types, the miRNAs expressed in
embryos seem to have regulatory roles on their target DNA
repair mRNAs during preimplantation embryo development.

Supplemental Table 1 shows the list of (a) mRNAs and (b)
miRNAs, fold difference and log2 of fold change in blastocyst
compared with oocyte. mRNAs andmiRNAs andΔCq values
in oocytes and blastocysts are listed. Average normalisedΔCq
values generated from six repeats with two replicates of each
sample are shown. Standard deviation (SD) for each data point
ofΔCq is shown in parenthesis. The greater Cq values reflect
lower expression. MiRNAs, fold change difference and log2
of fold change in blastocyst compared with oocyte are listed.
Fold change was calculated by relative quantification method
(2ΔΔCq). The log2 scale transformation of the fold change
facilitates the interpretation of the difference in expression
between the two samples. The negative log2 values indicated
increased expression of the gene in the blastocyst compared
with the oocyte. N/A stands for not applicable.
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