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Abstract
MicroRNAs (miRNAs) are emerging as important in human embryo implantation, and we present here a review of the literature
from a clinical perspective. Implantation involves complex interactions between the blastocyst and endometrium. miRNAs have
been shown to be differentially expressed in implanted compared with non-implanted blastocysts and euploid compared with
aneuploid blastocysts. Further, miRNAs are differentially expressed in proliferative compared with decidualized endometrium,
and in receptive compared with pre-receptive endometrium. miRNAs are also differentially expressed in endometrium of women
who failed implantation, and in endometrium of women with recurrent implantation failure. Due to the complexity of miRNA
signaling, studies have suffered from inconsistency in reproducibility of results. However, miRNAs show potential as biomarkers
in the pursuit of more reliable prediction of embryo implantation.
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Introduction

Implantation, the process by which the rapidly dividing cells
of the blastocyst successfully implant into the receptive ma-
ternal endometrium, is a crucial component of mammalian
reproduction. The series of cellular changes, interactions,
and signaling in implantation are carefully orchestrated by
paracrine, autocrine, and juxtacrine communication. These
events, primarily under the control of the hypothalamo-
pituitary-gonadal axis, are temporally synchronized to create
the Bwindow of implantation^ of the maternal endometrium.
Simultaneously, the blastocyst requires activation in order to
successfully attach to this receptive endometrium [1].
Signaling during implantation involves various genes and
gene modifiers such as microRNA (miRNA) molecules,

which modulate the intricate cross talk between embryo and
endometrium.

Interest in miRNAs has been steadily increasing over the
past 17 years (Fig. 1). miRNAs have been shown to be in-
volved in pathways of cellular signaling and have shown
promise as novel prognostic markers and diagnostic tools.
There are several reviews in the literature discussing miRNA
and embryo implantation, as is warranted for such a quickly
evolving subject [2–6]. Here, we discuss recent advances in
the study of miRNAs in human embryo implantation.

Implantation

Implantation can be broadly divided into three steps: apposi-
tion, attachment, and invasion [7, 8].

During apposition, numerous small pinopodes on the re-
ceptive endometrium developed by generalized stromal oede-
ma on the inner uterine surface interlace with the microvilli on
the outer surface of the cytotrophoblast [9] (Fig. 2). Further,
Heparin-binding EGF-like growth factor (HB-EGF) is
expressed by the receptive endometrium, and cells that ex-
press transmembrane HB-EGF adhere to blastocysts
displaying ErbB4 on their cell surface [11]. Activated blasto-
cysts upregulate their expression of HB-EGF, which via an
auto-induction loop prompts its own gene expression in the
endometrium at the site of blastocyst apposition [12]. HB-
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EGF expression is modulated by Lif and results in a reduction
of COX-2, the deficiency of which results in implantation
failure [13]. Gene expression in the Wnt/β-catenin pathway
is also important at the site of implantation. Wnt/β-catenin
signaling immediately before attachment requires activated
blastocyst and preimplantation oestrogen secretion in trans-
genic mice models [14].

In the attachment phase, various glycoproteins, carbohy-
drate ligands, receptors, and integrins work together to adhere
the embryo to the endometrial surface (Fig. 3). Several
integrins are involved with implantation in varying capacities.
During attachment α5β1, αvβ3, αvβ5, and αvβ6 are
expressed by the embryo, and α1β1, α6β1, and α7β1 are
subsequently involved in invasion [16]. The ligand osteopon-
tin of epithelial origin acts to bind integrin αvβ3 on the mater-
nal surface to support adhesion [17]. Further, during attach-
ment, L-selectin molecules are presented on the blastocyst

surface, and selectin oligosaccharide ligands are expressed in
the primed endometrium [18]. Interestingly, the integrins are
dynamic with α5β1 starting within the inner cell mass in early
embryo development and then translocated to the trophoblast
cells that invade the endometrium during implantation [15, 19]
(Fig. 3). Invasion is dependent on endometrial vascular perme-
ability, and decidualization is mediated by prostaglandin syn-
thesis by COX1 and COX2. Various cellular molecules are
essential for normal implantation and aberrant production or
loss of them may be linked to unexplained infertility [20]. In
fact, implantation has been considered so dependent on these
mediators that integrins have been suggested as potential bio-
markers of infertility in the future [21, 22].

Molecular signaling, hormone production, and gene ex-
pression are all related by genomic transcription. Gene expres-
sion can be altered in a variety of ways including by miRNAs.
These small molecules are approximately 18–24 nucleotides
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Fig. 2 A schematic diagram of
signaling between blastocyst and
receptive maternal endometrium.
Microvilli from the blastocyst aid
in attachment to the endometrial
pinopodes. Further, ErbB4 on the
blastocyst surface adheres to
transmembrane HB-EGF (modu-
lated by Lif) on the receptive en-
dometrium. Integrin avB3 is at-
tached to the maternal endometri-
um via osteopontin. L-selectin
molecules on the blastocyst attach
to selectin oligosaccharide ligand
on the maternal surface. Image by
author, adapted from Davidson
et al. 2016 [10]
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Fig. 1 The number of references
found for each year of publication
on the PubMed database using the
keyword ‘microRNA’. In 2017,
this number was 12,682. Image
by author
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of non-protein-coding RNA, and are secreted by cells via
exosomes, apoptotic bodies, lipid-bound, or RNA-binding
complex proteins such as Argonaute 2 in humans [23–25].
miRNAs act to regulate gene expression either negatively by
mRNA cleavage, deadenylation, or inhibition of translational
repression or positively through the targeting of gene pro-
moters [26–29]. miRNA research in fertility has significantly
increased in recent years to aid understanding of both normal
and abnormal processes. In theory, they have the potential to
be diagnostic tools as they are stable and present in the cells,
saliva, urine, blood, uterine fluid, and cell culture media
[30–32]. In reality, miRNAs are highly variable based on the
needs of particular cells at specific times, and although inter-
esting clinical correlations have been observed, the reproduc-
ibility of these findings and their application to clinical prac-
tice remain uncertain. In this review, we discuss miRNA as it

is relevant to human embryo implantation from a clinical
perspective.

MiRNA biogenesis

Small non-coding RNAs are broadly classified into three
groups: microRNA (miRNA), short interfering RNA
(siRNA), and PIWI-interacting RNA (piRNA). miRNAs are
further divided into families based on identical sequences at
nucleotides 2–8 of mature miRNA [33]. Small RNAs are dis-
tinct from long non-coding RNAs (lncRNAs), which are RNAs
longer than 200 nucleotides that are not translated to protein but
that may regulate epigenetic modifications or gene expression
at the transcriptional or post-transcriptional levels [34].
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Fig. 3 A schematic diagram of a
attachment and b implantation
between the blastocyst and
receptive maternal endometrium.
ErbB4 on the blastocyst surface
adheres to transmembrane HB-
EGF (modulated by Lif) along
with L-selectin ligands (sLE)
expressed by the maternal
endometrium epithelium to L-
selectin receptors on the
blastocyst. The other key
signaling pathways for
attachment and implantation are
also shown. AA, arachidonic
acid; BMP2, bone morphogenetic
protein 2; Cox2, cyclooxygenase-
2; ENaC, epithelium sodium
channel; ErbB4; epidermal
growth factor receptor 1/4; gp130,
glycoprotein 130; HB-EGF,
heparin-binding epidermal
growth factor-like growth factor;
Hoxa10/11, homeobox A10/11;
KLF5, Kruppel-like factor 5; LIF,
leukemia inhibitory factor; LIFR,
LIF receptor; LPA3,
lysophosphatidic acid receptor 3;
PG, prostaglandin; PPAR-δ;
peroxisome proliferators–
activating receptor δ; Wnt4,
wingless-type MMTV integration
site family members 4. Image
by author, adapted from Cha
et al. [15]
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The difference between groups of small non-coding RNAs
begins with how they are synthesized. miRNAs are derived
from single-stranded RNAs that form double-stranded hairpin
structures that can be clipped and processed by Dicer, a double-
stranded RNA exonuclease. siRNAs are produced by Dicer
cleavage of an RNA duplex formed by two single-stranded
RNAs. PIWI-interacting RNAs (piRNAs) are derived from
single-stranded RNAs that are excised by an unknown nucle-
ase [35]. miRNAs and siRNAs are loaded onto Argonaute
family proteins (AGO). Typically, miRNA-AGO complexes
inhibit translation of mRNA non-destructively, whereas
siRNA-AGO complexes cause destruction of mRNA.
piRNAs are loaded onto PIWI proteins and may inhibit tran-
scription by histone methylation [35]. miRNAs have also been
observed to be involved in epigenetic regulation [36].

The regulatory nature of miRNAs in embryo development
was first described in Caenorhabditis elegans and lin-4, but
has been described in numerous species since [37]. It has been
estimated that miRNAs may modulate up to three fifths of
protein-coding genes at the translation phase in the human
genome [33].

The formation of miRNAs is complex involving both nu-
clear and cytoplasmic phases. The traditional canonical path-
way is responsible for approximately ~ 99% of miRNA syn-
thesis whereas the non-canonical pathway is hypothesized to
be responsible for the remaining miRNA [38]. The miRNA
sequences have been located in the entirety of the genome
including within introns of non-coding and coding regions,
and in exonic regions [38].

By the canonical pathway, miRNAs are transcribed by
RNA polymerase II into primary miRNAs that include a hair-
pin structure containing the miRNA sequences. Nuclear pro-
cessing is completed by the microprocessor complex, com-
posed of RNase III Drosha and DGCR8 (Digeorge
Syndrome Critical Region 8). The microprocessor complex
isolates the stem-loop of the primary miRNAs to produce
the hairpin-shaped pre-cursor miRNA (pre-miRNA). The
pre-miRNA is then exported out of the nucleus into the cyto-
plasm by Exportin-5. In the cytoplasm, an RNase III endonu-
clease, Dicer, crops the pre-miRNAs into specific RNA du-
plexes. These RNA sequences are loaded onto AGO [39].
Once loaded onto AGOs, the miRNAs induce their cleavage
and/or inhibit their translation, and they are unwound to be-
come mature miRNAs [29] (Fig. 4).

The non-canonical pathway refers to pathways that do not
follow this sequence of complexes for synthesis. This includes
those independent of DGCR8, Drosha, and Dicer and those
dependent on the enzyme TUTase. The distinction between
canonical pathway miRNA and non-canonical pathway
miRNA is not always clear. Kim et al. recently revealed
miRNAs known to be synthesized via canonical pathway were
synthesized in Drosher and Dicer knockout mice revealing a
potential gap in regulation that is not fully understood [40].
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Fig. 4 Nuclear events in miRNA canonical biogenesis. Schematic
diagram of miRNA gene transcription by RNA polymerase II to form
pre-miRNA. This is processed by the microprocessor complex of Drosha
and DGCR8 (DiGeorge Syndrome Critical Region Gene 8) and cropped
to form pre-miRNA. The pre-miRNA is exported from the nucleus via
exportin 5 in complex with RAN.GTP. In the cytoplasm, after Dicer-
processing RNA duplex is loaded onto AGO (Argonaute proteins)
stabilized by a heatshock protein (HSC70-HSP90). The remaining
Bpassenger^ strand is discarded, and the mature miRNA strand is
loaded onto the AGO protein. Image by author, adapted from Ha and
Kim [38]
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MiRNA and human embryo implantation

Blastocyst

Implantation involves elaborate communication between the
endometrium and blastocyst. Throughout this process,
miRNAs are secreted from both the blastocyst and endome-
trium and act in signaling to alter gene expression.

The current embryo grading system is subjective with sig-
nificant inter-observer and intra-observer variabilities [41]. By
studying miRNAs associated with blastocysts that ultimately
implanted and comparing them to blastocysts that did not
implant, investigators have sought to identify patterns that
may be able to non-invasively predict the outcome of future
embryos (Table 1). Cuman et al. measuredmiRNA expression
in blastocyst media and demonstrated miR-661 was signifi-
cantly overexpressed in blastocysts that failed to implant [32].
From their data, they further hypothesized a possible role for
Argonaute 1 in the transport of miR-661, as abnormal expres-
sion of either was associated with failed implantation [32].
Rosenbluth et al. found significantly increased expression of
miR-372 and miR-191 in the blastocyst media of blastocysts
that failed implanted vs those that successfully implanted [44].
Cuman et al. also identified miR-372 in blastocyst media of
blastocysts that failed to implant, but they did not include
miR-191 in their array panel [32]. A pilot study by Borges
et al. studied miR-142-3p as a potential biomarker of blasto-
cyst implantation failure in blastocyst culture media. This
study confirmed that higher expression ofmiR-142-3p in blas-
tocysts that implanted compared with those that did not [43].
Differential expression of certain miRNAs has been associat-
ed with implantation failure in various studies. However,
miRNA profiles have not been reproducible between studies
and this warrants further study.

miRNA profiles may differ in euploid compared with an-
euploid embryos. Rosenbluth et al. found in an analysis of
miRNA in blastocyst biopsies that miR-141, miR-27b, miR-
339-3p, and miR-345 were more highly expressed in euploid
compared with aneuploid embryos [45]. Of note, this study
did not include blastocyst grade in the analysis and had small
sample sizes. As miRNA populations may influence develop-
ment, differences in embryo quality may reflect different
miRNA populations. Rosenbluth et al. also found in another
study that miRNA-191 expression was upregulated in blasto-
cyst culture media of aneuploid embryos [44].

Certain pathologic parental states may also influence blasto-
cyst miRNA expression. McCallie et al. compared the expres-
sion of blastocyst miRNAs in blastocyst biopsies from fertile
women with morphologically similar blastocysts from couples
with either male factor infertility or polycystic ovarian syn-
drome (PCOS) [46]. They found that expression of let-7a and
miR-24 were decreased in both groups, and that expression of
four other miRNAs (miR-92, miR-93, miR-19a, and miR-19b)
were decreased in the PCOS group [46]. Of note, circulating
miR-93 has been described as a biomarker for PCOS [47]. The
demonstration of this miRNA in blastocysts of PCOSwomen is
thus interesting but of unclear significance [47].

It is important to note that very few similarities in blasto-
cyst miRNA expression are noted in the above studies. This
could be due to methodological differences in RNA extrac-
tion, differences in miRNA array panels, differences in blas-
tocyst culture media, or differences between fresh and frozen
embryos. Furthermore, miRNA expression is dynamic and
likely varies tremendously with the gene expression required
at particular junctures of development. The inherent difficulty
in accounting for the myriad differences between unique em-
bryos means this will continue to be a challenge in under-
standing the roles of miRNA in the blastocyst.

Table 1 Studies on the involvement of miRNAs on blastocyst and implantation in humans

Sample Groups compared miRNA measurement* miRNA Regulation Reference

BCM Implanted vs non-implanted
euploid blastocysts

TaqMan miR-20a, miR-30c Upregulated in implanted [42]

BCM Implanted vs non-implanted blastocysts TaqMan miR-661, miR-372 Upregulated in non-implanted [32]

BCM Implanted vs non-implanted blastocysts TaqMan miR-142-3p Upregulated in implanted [43]

BCM Implanted vs non-implanted blastocysts
Euploid vs aneuploid blastocysts

TaqMan miR-372, miR-191
miR-191

Upregulated in non-implanted
Upregulated in aneuploid

[44]

BB Euploid vs aneuploid blastocysts TaqMan miR-141, miR-27b,
miR-339-3p, miR-345

Upregulated in euploid [45]

BB Blastocysts from MF patients
vs fertile donors

TaqMan let-7a, miR-24 Downregulated in MF [46]

BB Blastocysts from PCOS
patients vs fertile donors

TaqMan let-7a, miR-24, miR-92,
miR-93, miR-19a, miR-19b

Downregulated in PCOS [46]

BB, blastocyst biopsy; BCM, blastocyst culture media; PCOS, polycystic ovarian syndrome; MF, male factor infertility; ICSI, intra-cytoplasmic sperm
injection

*See supplemental Table S1 for description of miRNA measurement methods
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Endometrium

Implantation of the embryo requires an optimal environ-
ment in the endometrium, which may include signaling
by miRNA (Table 2). Profiling of differential miRNA ex-
pression in the menstrual cycle has revealed significant
differences between the secretory and proliferative phases
linking hormonal and cyclical variation to miRNA expres-
sion [48, 49]. Kuokkanen et al. observed upregulated miR-
30b and miR-30d in mid-secretory endometrial epithelial
cells when compared with epithelial cells from the late
proliferative phase in a small sample [48]. miR-30b and
miR-30d were also both found to be upregulated in mid-
secretory endometrium by Kresowik et al. [49], as was
miR-31. miR-31 has a significant inverse association with
FOXP3, a transcription factor for T regulatory cells and

CXCL12, a chemoattractant for uterine natural killer cells,
which has potential implications on creating an immune-
tolerant environment in the secretory phase.

In other studies, human endometrial stem cells (hESC) have
been decidualized in vitro to explore the effect of
decidualization on miRNA expression. Studies by Tochigi
et al. and Estella et al. found miRNA expression profiles of
decidualized hESC vs control hESC were different [50, 51].
Tochigi et al. further demonstrated that hESC transfection of
miR-542-3p suppressed the gene expression of IGFBP-1 which
led to suppression of PRL and WNT4 and inhibition of
decidualization in human endometrial stroma cells [50]. This
suggests an important role of miR-542-3p in regulation of en-
dometrial decidualization. Estrella et al. found a total of 26
upregulated and 17 downregulated miRNAs following in vitro
decidualization of human endometrial stromal cells [51].

Table 2 Studies on the involvement of miRNAs on the endometrium and implantation in humans

Sample Groups compared miRNA
measurement*

miRNA Regulation Reference

EB Proliferative vs mid-secretory
phase endometrium

TaqMan miR-29b, miR-29c, miR-30b, miR-30d, miR-31,
miR193a-3p, miR-203, miR-204, miR200c,
miR210, miR-582-5p, miR-345

Upregulated in
mid-secretory
endometrium

[48]

EB Proliferative vs mid-secretory
phase endometrium

TaqMan miR-30b, miR-30d, miR-31, miR-203
miR-503, miR-145

Upregulated in
mid-secretory
endometrium

Downregulated in
mid-secretory
endometrium

[49]

EB hESC decidualized in vitro vs
control hESC

mRNA
microarray
and
RT-qPCR

miR-483-3p
miR-503, miR-542-3p, miR-155,

miR-145, miR-424

Upregulated in
decidualized
hESC

Downregulated in
decidualized
hESC

[50]

EB hESC decidualized in vitro vs
control hESC

miScript
SYBR
Green

miR-181, miR-183, and miR-200 Downregulated in
decidualized
hESC

[51]

EB Receptive vs pre-receptive endo-
metrium in fertile patients

TaqMan miR-30b, miR-30d
miR-494, miR-923

Upregulated in
receptive
endometrium

Downregulated in
receptive
endometrium

[52]

ECA Receptive endometrial cavity
aspirate of successful vs failed
implantation

TaqMan miR-891a, miR-522, miR-198 Downregulated in
failed
implantation

[53]

EB Receptive endometrium in RIF
patients vs infertile patients
who conceived

miRNA
Complete

labeling and
Hyb

miR-30b, miR-374a-5p, miR-145-5p,
miR-196b-5p, miR-199a-5p, miR-449a,
miR-424-5p, miR-125b-5p, miR-21-5p

miR-1207-5p, miR-4306, miR-572,
miR-5739, miR-6088

Upregulated in RIF
group

Downregulated in
RIF group

[54]

EB Receptive endometrium in RIF
patients vs fertile patients

TaqMan miR-145, miR-23b, miR-99a Upregulated in RIF
patients

[55]

EB, endometrial biopsy; ECA, endometrial cavity aspirate; PCOS, polycystic ovarian syndrome; MF, male factor infertility; ICSI, intra-cytoplasmic
sperm injection; RIF, recurrent implantation failure

*See supplemental Table S1 for description of miRNA measurement methods

184 J Assist Reprod Genet (2019) 36:179–187



Interestingly, only miR-155 was commonly downregulated in
both the Tochigi and Estrella studies, and no change was found
in the expression of miR-542-3p in the Estrella study [51]. This
may be in part due to the difference in methodology of induced
decidualization, as the Estella et al. methodology used 17-
estradiol and progesterone for decidualization of the endometri-
al stromal cells, whereas the Tochigi et al. study used 9-bromo-
cyclic adenosine monophosphate and medroxyprogesterone ac-
etate. There may be differences induced by in vitro
decidualization that may not be generalizable to physiologic
decidualization. These studies show that the miRNA profiles
of proliferative vs secretory phase endometrium do likely differ,
but there is a significant variability between studies.

This cyclical variation of miRNA expression offers an op-
portunity to identify miRNA changes during the window of
implantation, when the endometrium is receptive to blastocyst
implantation during the progesterone-dependent phase of the
menstrual cycle. This window typically occurs 5–7 days after
ovulation, or on day 19–21 of a 28-day menstrual cycle.
Altmäe et al. studied the receptive and pre-receptive endome-
trial miRNA expression in fertile women and demonstrated
miR-30b miR-30d were significantly upregulated and miR-
494 and miR-923 were downregulated during the receptive
phase [52]. Of note, miR-30b and miR-30d were consistently
found in other studies to be elevated in the mid-secretory as
compared with the proliferative phase.

Some studies sought to compare miRNA expression in en-
dometrium of womenwho failed embryo implantation with that
of women who experienced successful implantation.
Comparing secretory endometrium of fertile women and wom-
en with recurrent implantation failure undergoing in vitro fertil-
ization, Revel et al. found that miR-145, miR-23b, andmiR-99a
were upregulated in women with recurrent implantation failure
[55]. Shi et al. compared endometrium collected during the
window of implantation (WOI) of recurrent implantation failure
(RIF) patients with that of infertile patients who conceived after
one embryo transfer. Shi et al. also found miR-145 was upreg-
ulated in RIF patients, though there was much variability of
other miRNAs analyzed. MiR-145 targets ERa, mucin 1, and
RTKN; all of which have been implicated in implantation fail-
ure [54]. Park et al. analyzed miRNA expression profile in
uterine aspirate taken 24 h ahead of frozen embryo transfer.
They described 29 miRNAs upregulated with successful im-
plantation and found that miR-891a, miR-522, miR-198 were
downregulated in failed implantation [53]. Though there is sig-
nificant variability in studies at present, miRNA expression pro-
file may be associated with a successful rate of implantation.

Conclusions and future implications

As the world of reproductive technology continues into the era
of genetics, physicians and patients are turning to genetic

technologies such as embryo preimplantation genetic screen-
ing or endometrial receptivity assay in an effort to achieve the
highest possible pregnancy and live birth rates.

miRNA analysis is an emerging frontier of diagnostics.
Measured by minimally invasive body fluid or tissue analysis,
miRNAs have opened a new and exciting pathway through
which pathology, cellular communication, and control of gene
expression may be understood. miRNAs have proven invalu-
able in the diagnosis of certain diseases previously based on a
constellation of clinical suspicion and suggestive but not con-
clusive diagnostic tests. Though miRNAs were only discov-
ered in 2001, research into them has exponentially increased
and diagnostic miRNA testing is currently undergoing phase 2
clinical trials [56].

In this review, we reviewed work analyzing the potential
of miRNA isolated from blastocyst and endometrium in
predicting the window of implantation or likelihood of
successful implantation. Freis et al. explored microRNA
in serum during the window of implantation and found
four miRNAs that could be possible biomarkers for im-
plantation success [57]. However, studies profiling
miRNA expression show inconsistent results due to the
complexity of miRNA signaling, its rapid variation with
time, and variation between individuals. Due to this, panel
approaches will likely be most successful in predicting im-
plantation. miRNA panels have also been studied for mis-
carriage prediction with one panel of seven miRNAs
achieving a sensitivity of 87.5% and a specificity of
89.5% for miscarriage in IVF [28]. Panels of miRNA
may increase the sensitivity and specificity of outcome
prediction as compared with single miRNA testing; how-
ever, further study with larger power is required to ensure
accuracy and reproducibility allowing for biological varia-
tion between individuals. Expanded miRNA panels and
bioinformatics approaches may be on the horizon to make
more reliable predictions around implantation.

miRNA functions are generally speculative based of ex-
pression patterns, and real-time functional research is lack-
ing in mammalian development. Even if these studies are
feasible, most miRNA functional research is based on cell
culture models, and thus, the results may not be represen-
tative of complex physiological processes in vivo. The ma-
jority of miRNA extraction and quantification research is
based on known miRNA assay and further qPCR confir-
mation. New methodology utilizing nanotechnology, such
as DNA-carbon quantum dots, has been proposed for
miRNA extraction but the probes used are specific to a
miRNA [58]. Further research is required to discover new
investigative technologies to extract very small amounts of
miRNA and accurately identify unknown molecules.
Though technical challenges abound, the world of
miRNAs promises exciting vistas to the future of assisted
reproduction.
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