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Small noncoding RNAs (sRNAs) play important roles during the oocyte-to-embryo transition (OET), when the maternal

phenotype is reprogrammed and the embryo genome is gradually activated. The transcriptional program driving early hu-

man development has been studied with the focus mainly on protein-coding RNAs, and expression dynamics of sRNAs

remain largely unexplored. We profiled sRNAs in human oocytes and early embryos using an RNA-sequencing (RNA-

seq) method suitable for low inputs of material. We show that OET in humans is temporally coupled with the transition

from predominant expression of oocyte short piRNAs (os-piRNAs) in oocytes, to activation of microRNA (miRNA) ex-

pression in cleavage stage embryos. Additionally, 3′ mono- and oligoadenylation of miRNAs is markedly increased in zy-

gotes. We hypothesize that this may modulate the function or stability of maternal miRNAs, some of which are retained

throughout the first cell divisions in embryos. This study is the first of its kind elucidating the dynamics of sRNA expression

andmiRNAmodification along a continuous trajectory of early human development and provides a valuable data set for in-

depth interpretative analyses.

[Supplemental material is available for this article.]

Mammalian oocytes and embryos express three major classes of
small noncoding RNAs (sRNAs): Piwi-interacting RNAs (piRNAs),
endogenous small interfering RNAs (endo-siRNAs), and miRNAs
(Suh and Blelloch 2011). In animals, miRNAs are processed into
∼22-nt-long functional units by sequential DROSHA/DGCR8
and DICER1 cleavage of hairpin structures embedded in long tran-
scripts. miRNAs associate with argonaute proteins (AGO) to form
the RNA-induced silencing complex (RISC) and mediate gene si-
lencing via binding to partially complementary elements in the
3′ untranslated region of target mRNAs, resulting in mRNA deade-
nylation and/or inhibition of translation (Bartel 2018). piRNAs are
transcribed from hundreds of genomic clusters into primary tran-
scripts that are cleaved by PLD6 (a homolog of Zucchini endoribo-
nuclease) (Ozata et al. 2019). PIWI proteins bind piRNA
intermediates that are further trimmed to lengths of ∼26–30 nt
and finally 2′-O-methylated by HENMT1 at their 3′ termini
(Weick and Miska 2014). These conventional piRNAs are found
primarily in germ cells, where they regulate gene expression and
repress transposons (Aravin et al. 2006; Grivna et al. 2006; Lau
et al. 2006; Watanabe et al. 2008). Recently, a novel sRNA class,
oocyte short piRNAs (os-piRNAs), was found as highly abundant
in human and primate oocytes and two-cell embryos and absent

in murine oocytes (Yang et al. 2019). os-piRNAs are ∼20 nt long,
specifically associate with PIWIL3, and are likely to mediate the
silencing of recently evolved transposable elements. The predom-
inant expression of os-piRNAs and low abundance of endo-siRNAs
(Yang et al. 2019) in humanoocytes and two-cell embryos suggests
a partial divergence of primates from other animals in sRNA-medi-
ated regulation of early development.

Embryo stage–specific miRNA expression and miRNA-medi-
ated degradation of maternal transcripts during OET has been re-
ported in multiple organisms (Giraldez et al. 2006; Bushati et al.
2008; Lund et al. 2009; Mondou et al. 2012). In mice, maternal
miRNAs undergo degradation upon fertilization, zygotic miRNAs
are up-regulated from the two-cell stage onward, and miRNA-me-
diated degradation of maternal transcripts is suggested to initiate
in subsequent cleavage stages (Ohnishi et al. 2010; Yang et al.
2016). Depletion experiments of either Ago2, Dicer1, or Dgcr8 in
mouse oocytes and zygotes have further substantiated the require-
ment of an intact conventional piRNA and endo-siRNA biogenesis
pathway in normal oocyte development and miRNA pathway in
later embryonic development (Bernstein et al. 2003; Morita et al.
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2007; Murchison et al. 2007; Tang et al. 2007; Kaneda et al. 2009;
Suh et al. 2010; Stein et al. 2015; Taborska et al. 2019). Despite the
reports on temporal interspecies differences in miRNA-mediated
regulation of maternal transcripts (Giraldez et al. 2006; Ohnishi
et al. 2010), many homologous miRNAs are abundant in both hu-
man and other mammalian embryos (McCallie et al. 2010;
Rosenbluth et al. 2013), indicating partial conservation of
miRNA expression and miRNA-mediated regulation of normal de-
velopment and reproduction in animals.

Novel sRNA-seq technologies enable cell level dissection of
miRNA expression profiles, identification of novel miRNAs, and
miRNA sequence isoforms (isomiRs). IsomiRs are generated by al-
ternative DROSHA or DICER1 cleavage, RNA editing, or nontem-
plated nucleotide addition (tailing) and can differ from their
canonical mature miRNA forms in length, sequence, or both
(Landgraf et al. 2007; Neilsen et al. 2012; Gebert and MacRae
2019). Recently, isomiRs have gained widespread attention in
the context of OET as prominent miRNA 3′ end adenylation
(A-tailing) and low-level miRNA 3′ end uridylation (U-tailing)
has been reported in early Drosophila, sea urchin, and mouse em-
bryos (Fernandez-Valverde et al. 2010; Lee et al. 2014; Yang et al.
2016). To date sRNAs have not been sequenced in human develop-
mental stages coinciding with embryo genome activation (EGA),
the initiation of embryonic transcription, that peaks at the eight-
cell stage and overlaps with the clearance of maternal transcripts
(Tesarik et al. 1987; Braude et al. 1988; Töhönen et al. 2015). To in-
vestigate stage-specific changes in sRNA distributions and eluci-
date the role of miRNAs and their isoforms in early human
development, we sequenced sRNAs in consecutive developmental
stages, fromhumangerminal vesicle (GV) oocytes to eight-cell em-
bryos. To our knowledge this is the first report of sRNA sequencing
along a continuous trajectory of early human development.

Results

Expression of sRNA biogenesis pathway components

The biogenesis of multiple sRNAs depends on DICER1-mediated
cleavage of precursor RNAs (Song and Rossi 2017). Different
sRNA biogenesis pathways also include class-specific factors,
such as DGCR8 in the case of miRNAs. Because miRNA function
has been proposed to be suppressed during early development
(Ma et al. 2010; Suh et al. 2010; García-López and del Mazo
2012; Kataruka et al. 2020), we asked whether DGCR8 and
DICER1 are expressed at the protein level in the human cleavage
stage embryos. We immunostained human four- and eight-cell
embryos with monoclonal antibodies raised against DGCR8 and
DICER1. DGCR8 was found in the nuclei and DICER1 was pre-
dominantly present in the cytoplasm of four- (n=3) and eight-
cell stage embryos (n=2) (Fig. 1A), as expected (Ha and Kim
2014). These results suggest that both themicroprocessor complex
andDICER1 are present in human cleavage stage embryos; howev-
er, it remains unexplored whether the expression levels are suffi-
cient for generation of miRNAs. miRNA biogenesis and function
also require the cellular presence of precursor miRNA modifying
protein, DROSHA, and function-regulating AGO proteins. We an-
alyzed published human oocyte and preimplantation embryo sin-
gle cell RNA-seq (scRNA-seq) data (Yan et al. 2013) and detected
DROSHA, DICER1, and DGCR8 expression throughout develop-
ment, with first significant changes in expression levels occurring
at the four-cell stage (FDR<0.05,Wilcoxon rank-sum test, two-sid-
ed) (Fig. 1B). Expression of AGO class genes (AGO1-4) found in

mammals was detected throughout preimplantation develop-
ment, except for AGO4 that had low overall mRNA levels. Of the
AGO genes, AGO2 showed earliest differences in expression levels,
namely, up-regulation at four-cell stage (FDR<0.05, Wilcoxon
rank-sum test, two-sided), and had highest overall expression, as
is common also in differentiated mammalian tissues (Gebert and
MacRae 2019). piRNA pathway genes, PLD6, HENMT1, and
PIWIL1-4, were expressed at comparable levels to miRNA pathway
genes (Fig. 1C). PLD6 expression resembled the expression pattern
ofDGCR8, whereasHENMT1was highly expressed until the eight-
cell stage, where it became down-regulated (FDR<0.05, Wilcoxon
rank-sum test, two-sided). PIWIL1-3 genes were down-regulated at
the eight-cell stage and continued to decline as development pro-
ceeded (FDR<0.05, Wilcoxon rank-sum test, two-sided), whereas
PIWIL4 expression was almost absent in all stages.

Identification of sRNA classes in human oocytes and embryos

To investigate sRNA expression in early human development, we
sequenced single human oocytes, zygotes, and early embryos.
sRNA sequencing libraries (n=27) were prepared from GV (n=6),
Metaphase I (MI; n=3), and Metaphase II (MII; n= 3) oocytes, zy-
gotes (two-pronuclear zygote [2PN] n=2; three-pronuclear zygote
[3PN] n=3), and four- (n =5) and eight-cell (n=5) embryos (Fig.
2A; Supplemental Fig. S1). We used sRNAbench (Rueda et al.
2015; Aparicio-Puerta et al. 2019) with human miRBase (v22)
(Kozomara et al. 2019), Ensembl cDNA (hg38), Ensembl noncod-
ing RNA (hg38), and RNAcentral version 14 (hg38) databases,
and os-piRNA sequence information (Yang et al. 2019) to map
and annotate sRNAs that have been previously identified (Supple-
mental Fig. S2). Classification of sRNAs depends on the reliability
of the databases used and previous sequence information reported.
In this study, the identification of endo-siRNAs was not included
in the preprocessing, which may result in overlap of some of the
studied sRNA classes. The samplewise averagemapping percentage
and number of quality and read length filtered genome mapped
reads was 82% and ∼2 million, respectively (Supplemental Table
S1A). We analyzed sRNA classes that are or produce functional
fragments of 17–30 nt in length. The length distribution of
sRNA reads showed a single modal pattern in oocytes and zygotes,
with a peak centered around20nt (Fig. 2B; Supplemental Fig. S3A).
In embryos, this peak was less prominent and had an elongated
right tail. miRNAs and recently described os-piRNAs (Yang et al.
2019) accounted for ∼4%–8% of mapped reads, in the range of
20–24 nt. os-piRNAs and miRNAs were centered around 20 and
23 nt, respectively. Shorter sRNA reads (17–19 nt) mainly mapped
to os-piRNAs, mitochondrial tRNAs (mt-tRNAs), and ribosomal
RNAs (rRNAs). Variation in the relative abundance of sRNA classes
was observed between samples of the same developmental stages,
likely owing to biological interindividual differences, variation in
embryo division kinetics, and technical factors (Fig. 2C).

For downstream analyses we focused on miRNAs, os-piRNAs,
and conventional piRNAs. Detected os-piRNAs and conventional
piRNAs had a 1U and 10A base composition preference, in line
with previous observations (Supplemental Fig. S3B; Yang et al.
2019). Conventional piRNAs and os-piRNAs were located primar-
ily in intergenic regions that were mainly nonrepeat elements
and in lesser numbers LINE or LTR-associated regions (Supple-
mental Fig. S4A,B). miRNAs were primarily derived from coding
sequence introns and noncoding exons, and the few intergenic
miRNAs were located in repeat associated regions (Fig. 2D; Sup-
plemental Fig. S4C). We performed principal component analysis
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(PCA) of our samples separately for miRNAs, os-piRNAs, and con-
ventional piRNAs (Supplemental Fig. S5) including sRNAs that
were detected (>0 reads) in at least three samples (Supplemental
Table S1B). Before batch-adjustment the samples clustered ac-
cording to sequencing batch and by developmental stage within
the two batches. When adjusting the data for the batch (Law et al.
2014; Ritchie et al. 2015), samples clustered by developmental
stage, with clearest stagewise separation between oocytes and
embryos, for miRNAs and conventional piRNAs, and oocytes, zy-
gotes, and embryos for os-piRNAs. The aforementioned group-
ings were used in some of the downstream analyses to detect
robust changes between different developmental stages. Further-
more, samples of the same developmental stage showed good re-
producibility in miRNA expression (Supplemental Fig. S6). We
analyzed changes of total miRNA, os-piRNA, and conventional
piRNA levels between oocytes, zygotes, and embryos using the
Kruskal–Wallis test and pairwise, two-sided Wilcoxon rank-sum

test. We could not account for batch effect in these analyses
because of the absence of a factorial two-way nonparametric
test. Embryos differed in os-piRNA expression from oocytes and
zygotes, and in conventional piRNA expression from oocytes
(FDR<0.05), whereas for miRNAs the expression difference be-
tween oocytes and embryos was not significant (FDR=0.054).
As previously reported, os-piRNAs levels were abundant in oo-
cytes (Yang et al. 2019) and slightly lower in cleavage stage em-
bryos (Fig. 2E) with the conventional piRNAs following a
similar expression pattern, although at lower overall abundances.
As we analyzed reads of maximum length of 30 nt, some conven-
tional piRNAs that are typically 26–32 nt in length (Williams
et al. 2015) may have been excluded. miRNA levels seemed to in-
crease during oocyte maturation, decrease modestly in zygotes,
and were at highest levels in eight-cell stage embryos, possibly in-
dicating the beginning of miRNA synthesis from the embryo’s
own genome.

B

A

C

Figure 1. Small RNA (sRNA) pathway component expression in human oocytes and embryos. (A) Human four-cell (left) and eight-cell (right) embryos
immunostained with DGCR8 (green) and DICER1 (magenta) antibodies. Nuclei are counterstained with DAPI (blue). Overlay of a single representative z-
plane and the corresponding z-planes are shown. Nucleus and bright field channels are on the right side of each overlay. Scale bar is 50 μm. Expression levels
(RPKM) in human oocytes and preimplantation embryos (Yan et al. 2013): (B) miRNA pathway gene, DGCR8, DROSHA, DICER1, and AGO1-4; (C) piRNA
pathway gene, PLD6,HENMT1, and PIWIL1-4. (B,C) Significant expression changes between consecutive developmental stageswere assessed using pairwise,
two-sided Wilcoxon rank-sum tests: (∗) FDR<0.05; (∗∗) FDR<0.01; (∗∗∗) FDR<0.001. The horizontal line in the box plot indicates the expression median.
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Figure 2. Categories of sRNAs. (A) Schematic of the study design. We sequenced sRNAs in human oocytes, zygotes, and embryos and did downstream
analyses using sRNAbench (Aparicio-Puerta et al. 2019; Rueda et al. 2015) andmiRDeep2 v0.1.2 (Friedländer et al. 2012). (GV) Germinal vesicle oocyte (n=
6); (MI) Metaphase I oocyte (n=3); (MII) Metaphase II oocyte (n=3); zygote (n=5); (4-cell) four-cell embryo (n=5); (8-cell) eight-cell embryo (n=5). (B)
sRNA class expression at different nucleotide lengths (17–30 nt) in the oocyte maturation stages, zygotes, and cleavage stage embryos. Stagewise mean
proportion of reads mapped to different sRNA classes are shown. (miRNA) microRNA; (mt-tRNA) mitochondrial tRNA; (os-piRNA) oocyte short piRNA;
(conventional piRNA) Piwi-interacting RNA; (rRNA) ribosomal RNA; (tRNA) transfer RNA. (C) Proportion of different sRNAs class reads in samples. The sam-
ples are grouped according to developmental stage and separated by sample number. (D) Proportion of miRNAs derived from different genomic elements
at each developmental stage. (E) miRNA, os-piRNA, and conventional piRNA expression (reads per million [RPM]) in early human developmental stages.
Embryos (n=10) differed in os-piRNA expression fromoocytes (n=12) and zygotes (n=5), and in conventional piRNA expression fromoocytes (FDR<0.05,
Wilcoxon rank-sum test, two-sided), whereas for miRNAs the expression difference between oocytes and embryos was not significant (FDR=0.054). (D,E)
The horizontal line in the box plot indicates the median value.
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miRNA expression during oocyte-to-embryo development

miRNAs represented <2% of mapped reads in human oocytes,
zygotes, and embryos, thus constituting aminor sRNA population
present during human early embryonic development, as reported
also in other organisms (Alberti and Cochella 2017; Kataruka
et al. 2020).We observed considerable variation in themiRNA rep-
ertoire of the samples: of 2707humanmiRNAs inmiRBasev22, 471
and 260 were detected (>0 mapped reads) in at least one and three
samples, respectively (Supplemental Table S2). This subset of 260
miRNAs was analyzed in subsequent steps. The majority (70%) of
themiRNAswere expressed across all the developmental stages, in-
dicating subtle changes in cellularmiRNAspecies compositiondur-
ing OET (Fig. 3A). We identified miRNAs that were consistently
abundant during humanOET by extracting the top 35miRNAs ac-
cording to expression median and detection in >80% of samples
(Fig. 3B). Expression clustering of these miRNAs revealed a subset
of highly abundant miRNAs that included members of the
embryonic stem cell–specific miRNome (hsa-miR-371a-3p, hsa-
miR-371a-5p, hsa-miR-372-3p, and hsa-miR-373-3p) (Suh et al.
2004; Houbaviy et al. 2005; Landgraf et al. 2007; Babiarz et al.
2008) andmiRNAs previously found to be abundant in human oo-
cytes and embryos (hsa-miR-148a, hsa-miR-7-5p, miR-509-3-5p,
and hsa-miR-92a-3p) (Rosenbluth et al. 2013; Yang et al. 2019).
Many of these miRNAs are conserved between species and ex-
pressed during early murine development (Supplemental Fig.
S7A;Tanget al. 2007;Ohnishi et al. 2010;Yanget al. 2016), suggest-
ing partial conservation in cellular miRNA composition during
OET in humans and other mammals.

Next, we investigatedwhethermiRNA expression changes oc-
curred during the reprogramming of thematernal oocyte to the to-
tipotent zygote and early embryo phenotype (Jukam et al. 2017;
Torres-Padilla 2020). We detected 21 differentially expressed
(DE) miRNAs between oocytes (n= 12) and embryos (n =10;
FDR < 0.05) (Fig. 3C; Supplemental Fig. S7B; Supplemental Table
S3). We constructed an expression-clustered heatmap of the DE
miRNAs (Fig. 3D) and observed that hsa-miR-6821 and hsa-miR-
664b-5p were mainly detected in oocytes and prominently
down-regulated in embryos, whereas expression changes of other
down-regulated miRNAs were subtler. Up-regulated miRNAs, hsa-
miR-519b-5p, hsa-miR-363-3p, hsa-miR-629-5p, hsa-miR-375-3p,
and hsa-miR-1307-3p were detected mainly after the zygote stage
and may represent paternally inherited miRNAs (detected in hu-
man sperm cells) (Hua et al. 2019) or some of the firstmiRNAs tran-
scribed from the embryo’s genome. The miR-25/32/92/363/367
family members (hsa-miR-92b-3p, hsa-miR-25-3p, and hsa-miR-
363-3p) that share the same seed sequence and some target
RNAs were also among the up-regulated miRNAs. Altogether, the
scarcity of miRNA expression level changes during human OET
suggests thatmanymaternalmiRNAs are passed fromoocyte to zy-
gote and retained at least for the duration of the first cleavage divi-
sions in human embryos.

miRNA modification dynamics in human OET

Posttranscriptional modification of miRNAs, especially miRNA
3′ adenylation, has been described in the early development of sev-
eral model organisms (Fernandez-Valverde et al. 2010; Lee et al.
2014; Yang et al. 2016). We investigated miRNA 5′ and 3′ prime
length variation (lv), length variation of both ends (multiple
length variation [mv]), and 3′ end tailing modifications in human
oocytes, zygotes, and embryos using sRNAbench (Aparicio-Puerta
et al. 2019) for miRNA isoform detection (Fig. 4A). Notably, 3′ end

truncation and A-tailing were the most abundant modifications
across studied stages. Additions of single (mono) and multiple
(oligo) nucleotides of the same base were aggregated for the prima-
ry analyses. We detected 456 different isomiRs (>0 mapped reads,
in at least three samples) (Supplemental Table S4) of which >60%
were found in all studied stages. Consistently highly abundant
isomiRs that we identified based on the data-set-wide expression
median in the top 20%anddetection inmore than 80%of samples
were mainly 3′ end lv or A-tailing isoforms (Supplemental Fig.
S8A). We further investigated isomiR expression differences be-
tween oocytes (n=12) and embryos (n= 10) and found 41 DE
isomiRs (FDR<0.05) (Supplemental Table S5). The DE isomiRs
formed three groups when clustered according to expression
(Fig. 4B). Two groups consisted of multiple A-tailed miRNAs that
were up-regulated beyond the zygote stage and length-modified
miRNAs that became down-regulated in zygotes or embryos
formed the third group. Modifications of the same type, especially
of the miRNA 3′ end, were found in multiple consistently highly
expressed and DE isomiRs, suggesting coordinated, widespread
miRNA modification during human OET.

To investigate overall changes inmiRNAmodificationsduring
early human development, we aggregated miRNA reads with the
same modification and normalized them over the total of miRNA
mapped readswithin samples.We studied changes inmiRNAmod-
ifications betweenoocytes (n=12) and embryos (n =10) using a lin-
ear model to account for sequencing batch. A majority of the
studied miRNA modification ratios differed between oocytes and
embryos (FDR<0.05) (Supplemental Table S6)withA-tailing show-
ing the largest expression magnitude differences. We compared A-
tailing to other tailing modifications by analyzing stagewise mean
modification ratios across the developmental trajectory. A-tailing
was at low-levels (∼5%) in oocytes, rapidly increased to∼20% in zy-
gotes, and gradually decreased in cleavage stage embryos (∼15%)
(Fig. 4C).U-tailingoccurredat lower levels and inan inversepattern
to that of A-tailing, and nontemplated addition of C and G nucle-
otides was infrequent throughout development. TENT2, TENT4B,
andMTPAPmediateA-tailing, andTUT7, TUT4, andTUT1mediate
U-tailingofmiRNAs inhumans (Jones et al. 2009;Katohet al. 2009;
Burroughs et al. 2010; Wyman et al. 2011). In human oocytes and
embryos, A-tailing factors were more highly expressed than U-tail-
ing factors (FDR<0.01, paired Wilcoxon signed-rank test, two-sid-
ed), suggesting higher potency for sRNA 3′ adenylation than
uridylation during early development (Supplemental Fig. S8B). As
suggested by the isomiR DE analysis, modification of multiple
miRNA species explained the increased A-tailing in zygotes (Fig.
4D). A-tailingoccurred in an inversemanner to detectionof canon-
icalmiRNA reads across samples (Supplemental Fig. S8C). A- andU-
tailing mainly occurred as single nucleotide additions (Fig. 4E;
Supplemental Fig. S8D). Low-leveled monoadenylation of miRNA
3′ ends was present and steadily increasing already in oocytes,
whereas oligoadenylation commenced from the zygote stage on-
ward. It is conceivable that the difference in modification lengths
may indicate the existence of different miRNA A-tailing means in
human oocytes and zygotes. To identify miRNAs contributing
most to the observed overall A- and U-tailing levels, we applied fil-
ters on stagewise isomiR mean ratios (>0.33) and read medians
(>1000). IsomiR ratios represent the proportion of isomiR reads
over the corresponding miRNA species read total. The overall
miRNA A- and U-tailing levels were mainly explained by 20 and
six different isomiRs, respectively (Fig. 4F; Supplemental Fig.
S8E), with nucleotide addition lengths following the global modi-
fication trends (Supplemental Fig. S8F,G). Amajority of the highly
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A-tailed isomiRs were conservedmiRNA species, and approximate-
ly halfwereDE (FDR<0.05) betweenoocytes andembryos. Because
A-tailing may affect global miRNA stability (Burroughs et al. 2010;
Marzi et al. 2016), we compared stagewisemeans of A-tailing ratios
and normalized reads for each miRNA species (Supplemental Fig.

S9A). We applied cutoffs to visualize A-tailed miRNAs (stagewise
isomiR mean ratio >0.05), in the top or lower 5% of sample-wide
normalized reads and found several miRNAs with moderate to
highA-tailing ratios andhigh expression levels across several stages
of development. We did not observe a clear correlation between

BA

C

D

Figure 3. miRNA expression in human oocytes and embryos. (A) Venn diagram of miRNA species (260 in total) that are shared or uniquely expressed in
human oocytes (n=12), zygotes (n=5), and embryos (n=10). (B) Heatmap of miRNAs with highest expression levels (top 35 according to median, ob-
servations in >80% of samples) across samples. (C) FDR and effect size of the 21 differentially expressed (DE; FDR<0.05) miRNAs between oocytes and
embryos according to MACAU 2.0 (Sun et al. 2017). (D) Heatmap of DE miRNA row Z-scores. (B,D) Euclidean distance and average linkage were used
to cluster miRNAs by expression.
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D

Figure 4. Dynamic miRNA 3′ tailing in human oocytes and early embryos. (A) miRNA modification mean proportions in different developmental stages.
(B) Heatmap of DE (FDR<0.05) miRNAmodification isoforms (isomiRs) according to MACAU 2.0 (Sun et al. 2017). Euclidean distance and average linkage
were used to cluster isomiRs (see A for nomenclature) by expression, presented as row Z-scores. (C) miRNA 3′ nontemplated nucleotide addition of A, C, G,
and U in different developmental stages. miRNA 3′ adenylation (A-tailing) is frequent in zygotes and early embryos. (D) miRNA A-tailing ratio of 50 miRNA
species (mean normalized reads greater than 500 in at least one stage). Size of the circle indicates the stagewisemean of the normalizedmiRNA abundance.
(E) miRNA A-tailingmodification length in different developmental stages.Modification lengths of up to 5 nt are shown. Addition of a single nucleotidewas
the predominantmodification. (F) A-tailing dynamics of conserved and nonconservedmiRNAswith highest A-tailing ratios (mean normalized reads greater
than 1000 and mean ratio above 0.33 in at least one stage). Locally estimated scatterplot smoothing (loess) curve (blue) resembled the overall A-tailing
modification trend. Mean stagewise miRNA modification ratio (C–F) and the 95% confidence interval (C,E,F ) are shown.
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A-tailing andmiRNAabundance inhumanoocytes, zygotes, or em-
bryos. Further analysis of the DE miRNAs revealed that miRNAs
down-regulated in embryos were less often A-tailed than the
miRNAs up-regulated in embryos (Supplemental Fig. S9B).
AlthoughA-tailingofmiRNAs is associatedwith bothmiRNAstabi-
lization (Katoh et al. 2009; Yang et al. 2016) and degradation
(Ameres et al. 2010; Lee et al. 2014; de la Mata et al. 2015) depend-
ing on themiRNA and context, our data suggest that A-tailingmay
stabilize specific maternal miRNAs during human OET, contribut-
ing to their transmission from the oocyte to the developing
embryo.

Identification of novel miRNAs

In addition to previously annotatedmaturemiRNAs, the sRNA-seq
approach allowed us to identify nine putative novel miRNAs that
were detected by both sRNAbench (Aparicio-Puerta et al. 2019)
and mirDeep2 (Friedländer et al. 2012). Two of these miRNAs
met themajority ofmiRBasehigh confidence criteria and addition-
al requirements outlined in Fromm et al. (2015) (Table 1;
Supplemental Fig. S10A). Both of the quality filtered putative pre-
miRNA sequences originated from genomic locations that are con-
served across primates and represent intergenic regions with the
other pre-miRNA located within a LINE element. Only a subset of
the analyzed samples expressed each novel miRNA, with oocytes
most prominently represented (Supplemental Fig. S10B).

Discussion

Here, we have for the first time sequenced the sRNA repertoire in
sequential early human developmental stages, from GV oocytes
to cleavage stage embryos, enabling us to detect sRNAs and their
modifications. We identified changes in miRNA and isomiR ex-
pression patterns and identified two putative novel miRNAs.
Limitations of the study include suboptimal read data quantifica-
tion owing to absence of UMIs or ERCC spike-ins in the sequenc-
ing libraries and small sample size. Improved sRNA-seq library
preparation methods coupled with increased sequencing depth
would enable better coverage and detection of lowly expressed
sRNA classes. Future studies are required to extend our findings us-
ing improved sRNA-seq methods and larger sample size. However,
our study provides valuable and novel insight on sRNA regulation
during human OET.

The sRNA composition of human oocytes and early embryos
differs from theirmammalian counterparts, inwhich endo-siRNAs

dominate instead of primate-specific os-piRNAs (Suh and Blelloch
2011; García-López et al. 2014; Yang et al. 2019). os-piRNA expres-
sion was stable and abundant during oocyte maturation and start-
ed to decrease in cleavage stage embryos, anticipating the
complete loss of expression, at the morula stage (Yang et al.
2019). It is possible that identification of conventional piRNAs
and os-piRNAs based on clusters during preprocessing, as in
Yang et al. (2019), may expand these classes. In our data, global
miRNA levels were relatively low and rather stable across human
oocyte maturation, suggesting differences in the accumulation of
maternal miRNAs compared to that of mRNAs, which are highly
abundant and stored in ribonucleoprotein complexes during oo-
genesis (Nakamura et al. 2001; Richter and Lasko 2011; Christou-
Kent et al. 2020). Indeed, the low expression levels of maternal
miRNAs and resulting limited regulatory function has been ob-
served in oocytes of several organisms (Kataruka et al. 2020).
Dgcr8-lackingmouse oocytes and zygotes develop until the blasto-
cyst stage (Ma et al. 2010; Suh et al. 2010) or arrest around the time
of gastrulation, respectively, indicating the requirement for an ac-
tive miRNA biogenesis pathway in cellular lineage commitment
and cell specification (Bernstein et al. 2003; Suh et al. 2010). We
observed highest miRNA levels in eight-cell-stage embryos, imply-
ing that miRNA biogenesis, and thereby also function, may gradu-
ally initiate in the early embryo stages. All cleavage embryo up-
regulated miRNAs were conserved between animals, and several
cause abnormal phenotypes including infertility, developmental
defects, or even embryonic lethality upon knockout of the miRNA
homolog or its family member in mouse (Shibata et al. 2011;
Penzkofer et al. 2014; Han et al. 2015; Ahmed et al. 2017). We sug-
gest thatOET in humans entails a switch frommaternally predom-
inant os-piRNAs to embryonic miRNAs, coinciding with EGA, as
has been reported for mouse (Bouniol et al. 1995; Tang et al.
2007; Yang et al. 2016). It will be interesting to further investigate
the dispensability of different sRNA pathways at different steps of
human early embryonic development.

We observedwidespreadmiRNAmodification, namely A-tail-
ing, and partial miRNA clearance in human zygotes. We observed
the trend toward decreased miRNA abundance in zygotes com-
pared to MI and MII oocytes and a majority of the detected
miRNAs were shared with oocytes, suggesting their maternal in-
heritance. A-tailing of miRNAs peaked prominently at the zygote
stage and reduced in subsequent embryonic stages. Three of five
zygotes had three pronuclei, however it is unclear whether this af-
fects global miRNA and modification levels. Nevertheless, a large-
scale clearance of maternal miRNAs occurs in mice around the

Table 1. Sequence and conservation information of the identified putative novel pre-miRNAs

Precursor
candidate Sequencea

Reads
5p/3p

Length
(nt)

Genomic
coordinates
(GRCh38)

Location
description

Genomic
conservation

pre-mir-REF_37481 5′-GTCTGGCCACGTTTTGGTAGAGGAGCTGTGCT
GGGGGATTTCTTTCACTCCCAGTCAG
TGTGGACTCTTCAAAGCCCACAGGCTGA-3′

234/21 86 Chr 6:
40,055,688–
40,055,773;
Strand: −

Intergenic,
LINE

Primates

pre-mir-REF_29581 5′-AGTATCTAAGAGCCCAGGTAATAGTAAGACACT
ATTAATAGAGCCCAAGCGTCTTACTATTACTTGGG
CTGTGACTAAGTAAT-3′

108/4988 83 Chr 4:
77,254,597–
77,254,679;
Strand: +

Intergenic Primates

Sequence of the putative pre-miRNA and reads mapping to the corresponding miRNA 5p and 3p arms were predicted and assigned by sRNAbench.
Samplewise total and miRNA mapped reads are shown in Supplemental Table S1A. Genomic conservation was assessed visually with MULTIZ
Alignments track (default 100 vertebrate species) of the UCSC Genome Browser.
aMature sequence underlined; star sequence bold.
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one-cell (zygote) to four-cell stage (Tang et al. 2007; Yang et al.
2016), and prominent maternal miRNA A-tailing has been report-
ed inmultiple organisms, with species-specific differences in high-
est modification ratios ranging from mature oocytes to
developmental stages around EGA (Fernandez-Valverde et al.
2010; Lee et al. 2014; Yang et al. 2016). We identified eight
down-regulated miRNAs in embryos, some of which were
completely lost at the zygote stage. Yet manymaternally inherited
miRNAs, both conserved and nonconserved miRNA family mem-
bers, were retained at stable expression levels throughout early hu-
man development. In mice oligoadenylation is suggested to
protect miRNAs from the clearance of maternal miRNAs (Yang
et al. 2016). We did not observe clear correlation between
miRNA A-tailing levels and abundance. Furthermore, miRNA syn-
thesis from the embryo genomemay have partially masked global
effects of A-tailing on maternal miRNA stability. We observed
abundant expression levels for multiple highly A-tailed miRNAs
in consecutive developmental stages, alike to several previous re-
ports (Fernandez-Valverde et al. 2010; Yang et al. 2016). Among
the frequently A-tailed miRNAs were members of the conserved
miR-25/32/92/363/367 seed family that were also highly ex-
pressed throughout early human development. This miRNA fam-
ily is also A-tailed in two- and four-cell mouse embryos (Yang
et al. 2016), and partial embryonic lethality has been observed in
murine knockout studies of individual or multiple of its family
members (Bartel 2018). A-tailing was observed in 66% of the de-
tected miRNA species, both conserved and nonconserved, and A-
tailed isoforms represented more than 75% of reads for some
miRNAs at the zygote stage, emphasizing the variability and selec-
tivity in A-tailing of different miRNAs during human OET. The to-
tal increase in zygotic A-tailing was explained by both mono- and
oligoadenylation, and adenylation length may provide yet an ad-
ditional layer ofmiRNA regulation. Our data suggest that similar to
murine early development (Tang et al. 2007; Ohnishi et al. 2010;
Yang et al. 2016), many maternally inherited miRNAs avoid the
clearance of maternal transcripts during human OET and may
even be selectively stabilized by A-tailing in zygotes, ensuring their
availability in later embryonic stages, where they are likely to con-
tribute to normal development.

TENT2 presumably carries out the majority of miRNA A-tail-
ing in early development (Neilsen et al. 2012) and is also expressed
in human oocytes, zygotes, and embryos (Yan et al. 2013).
However, the involvement of multiple cofactors and enzymes in
the regulation of timing, rate, and selectivity of miRNA A-tailing
is likely and may affect outcomes (Kai and Pasquinelli 2010). It is
intriguing to speculate that A-tailing could simultaneously stabi-
lize and modulate functions of maternal retained miRNAs, for in-
stance, by interfering with miRNA incorporation into RISC (Liu
et al. 2004; Meister et al. 2004). Recent studies report that
miRNAs mediate transcriptional activation in differentiated cells
(Place et al. 2008; Zhang et al. 2014), translational activation of tar-
get mRNAs in frog oocytes and fly embryo extracts (Iwasaki and
Tomari 2009; Mortensen et al. 2011), and sequester target tran-
scripts via phase transition (Sheu-Gruttadauria and MacRae
2018). The aforementioned functions remain largely unexplored
in relation to miRNA modifications and mammalian develop-
ment, calling for further studies on regulation of miRNA A-tailing,
and its possible implications on miRNA-mediated mechanisms
during OET. Future work is imperative to understand the mecha-
nisms regulating the reprogramming of the maternal sRNA profile
as well as confirming whether, when, and how miRNAs function
during early embryonic development in humans.

Methods

Ethics approval and informed consent

Collection and experiments on human oocytes and embryos were
approved by the Helsinki University Hospital ethical committee,
diary number HUS/1069/2016. Research permissionwas approved
by the Helsinki University Hospital research committee. Human
surplus oocytes, zygotes, and embryos were donated by couples
that had undergone infertility treatments at Helsinki University
Hospital Reproduction Medicine Unit. The samples were donated
with an informed consent, and patients understood that donating
oocytes, zygotes, or embryos is voluntary.

Collection of human oocytes and embryos

Immature oocytes from intracytoplasmic sperm injection (ICSI)
cycles as well as fertilized oocytes (3PN zygotes), surplus zygotes,
and embryos were donated for research by signing an informed
consent. GV oocytes were collected at the time of denudation,
about 1–2 h after ovum pick-up. MI oocytes were collected at the
time of ICSI, 2–4 h after ovumpick-up.MII oocytes were left in cul-
ture for an additional 2–4 h (5–7 h after ovum pick-up). Zygotes
and embryos had been cryopreserved by slow freezing (PROH) at
the time of in vitro fertilization (IVF)/ICSI-treatment. 2PN zygotes
had been cryopreserved 18–20 h after insemination or ICSI.
Zygotes were thawed and collected for library preparation ∼2 h af-
ter thawing. 3PN zygotes were collected 18–20 h after insemina-
tion (IVF). Four-cell embryos had been cryopreserved 43–45 h
after insemination or ICSI. Embryos of 7–9 cells (day 3) had been
cryopreserved 67–69 h after insemination or ICSI. Embryos were
thawed and collected 1–3 h after thawing.

Immunocytochemistry and confocal imaging of human embryos

Fixed human embryos were immunostained with antibodies for
DGCR8 (clone 3F5, MA5-24860) and DICER (clone CL0378,
MA5-31353) (both from Thermo Fisher Scientific) as previously
(Reichhardt et al. 2019) and detailed in Supplemental Methods.
The images were captured using a Leica TCS SP8 confocal laser
scanning microscope (Leica Systems), with HC PL APO CS2 40X/
1.10NA water objective. Images were processed using Fiji (https
://fiji.sc). The representative single z-plane images were smooth-
ened using a Gaussian filter (radius = 1 pixel kernel).

Sequencing library preparation

sRNA-seq library preparation was performed using NEBNext Small
RNA Library Prep Set for Illumina kit (New England Biolabs [NEB])
with the followingmodifications. The samples were rinsed in Ca2

+/
Mg2

+-free PBS and placed in 3 μL of lysis buffer containing 5 mM
Tris-HCl at pH 7.5 (Sigma-Aldrich); 0.1% Tween-20 (Sigma-
Aldrich); 50 mM KCl (Sigma-Aldrich), and 2.5 units of RiboLock
RNase inhibitor (Thermo Fisher Scientific). One microliter of 1:3
diluted 3′ SR Adapter (NEB), 1 μL of 0.5 M KCl, 1 μL of 20 μM 5S
and5.8S rRNAmaskingoligomixture, and1 μLofnuclease-freewa-
ter was added to samples. The samples were incubated in a thermal
cycler for 1 min at 90°C and at for 2 min 60°C to mask the rRNA.
Three microliters of 3′ ligation enzyme mix (NEB) and 10 μL of 3′

adapter ligation reaction buffer (NEB) was added to samples. The
sampleswere incubated for 60min at 25°C. To the samples we add-
ed 4.5 μL of nuclease-freewater and 1 μL of 1:3 diluted SRRT Primer
(NEB). The libraries were incubated for 5min at 75°C, for 15min at
37°C, and for 15 min at 25°C. The 5′ SR adapter (NEB) was resus-
pended in nuclease-free water (1:3) and denaturated by incubation
for 2min at 70°C. Onemicroliter of denatured 5′ SR adapter (NEB),
1 μL of 10× ligation reaction buffer (NEB), and 2.5 μL of 5′ ligase
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enzymemix (NEB) were added to samples. The samples were incu-
bated for 60min at 25°C. Eightmicroliters of First Strand Synthesis
buffer (NEB), 1 μL of Murine RNase inhibitor (NEB), and 1 μL of
ProtoScript II Reverse Transcriptase (NEB) were added to samples.
The libraries were incubated for 60 min at 50°C and for 10 min at
75°C. The cDNA pool (40 μL) was purified using NucleoSpin Gel
and PCR Clean up Columns for gel extraction and PCR clean up
(Macherey-Nagel) according to PCR product purification protocol
and eluted in 30 μL elution buffer. To the purified cDNA mixture
we added 30 μL 2× Phusion Hot MasterMix (Thermo Fisher
Scientific) and 1 μL of each 100 μM primer, universal primer, and
barcodedprimer. The followingPCRwasperformed: initial denatu-
ration and activation 1 min at 98°C, cycle denaturation 10 sec at
98°C, annealing 20 sec at 62°C, extension 5 sec at 70°C, and a final
extension 5 min at 72°C. Nineteen cycles were performed. PCR
product (80 μL) was purified in same manner as the cDNA pool
and eluted in 25 μL elution buffer. Small PCR fragments were re-
moved by adding 28 μL AMPureXP beads (Beckman), mixing,
and incubating 10 min at room temperature. Beads were captured
bymagnet and the supernatant was removed. The pellet was resus-
pended in 30 μL nuclease-free water, placed back on the magnet,
and the clear supernatant, ready sRNA library, was transferred to
a tube. The library was quantified by KAPA SYBR FAST qPCR kit
(Roche) according to instructions. The sRNA librarywas sequenced
usingan IlluminaMiSeq (Illumina) instrument. Thedetailedproto-
col, and oligo and primer sequences are provided in Supplemental
Methods and Supplemental Table S7, respectively.

Preprocessing of sRNA-seq data

Weperformed preprocessing of the raw sRNA-seq reads and the ex-
pression profiling of sRNAs using sRNAbench (Rueda et al. 2015;
Aparicio-Puerta et al. 2019). Sequence reads that contained at least
the first 10 nt of the adapter sequence were adapter trimmed, and
reads of sizes 17–30 nt were kept. We used the genome mode ap-
proach for expression profiling (Rueda et al. 2015). Briefly, the pre-
processed reads were aligned using Bowtie (Langmead et al. 2009)
to the human genome (GRCh38, primary assembly fromEnsembl)
allowing one mismatch, and further mapped successively to the
following databases: human miRBase (v22) (Kozomara et al.
2019), Ensembl cDNA (hg38), Ensembl noncoding RNA (hg38),
RNAcentral version 14 (hg38), and os-piRNA (Yang et al. 2019).
Unassigned reads were aligned to the human genome (GRCh38)
to detect novel miRNAs. To evaluate the distribution of miRNAs,
piRNAs, and os-piRNAs across genomic elements we used
BEDTools 2.29.0 (Quinlan and Hall 2010) and GENCODE v23
(hg38) genome annotations resembling analyses by Yang et al.
(2019). sRNAs were assigned to coding CDS, 5′-UTR, 3′-UTR, in-
tron, and noncoding exon and intron, successively. Intergenic
sRNAs were intersected with LINE, LTR, SINE, DNA, and other re-
peats, and flanking regions of 0–1 kb and 1–2 kb to assess their dis-
tribution in repetitive elements. Detailed information is provided
in Supplemental Methods.

sRNA, miRNA, and isomiR expression

Reads mapped to different sRNA classes were normalized over the
total of library mapped reads within the sample. Maximum values
of single assignment reads provided by sRNAbench were extracted
for each miRNA or isomiR within the sample to overcome errors
arising from multimapping reads. Each miRNA species represents
the aggregated canonical mature form and isomiR reads. Reads
mapping to different miRNA species were normalized over the
samplewise total of miRNA mapped reads. IsomiR reads were nor-
malized with two independent methods: in the same manner as

miRNAs and by samplewise scaling of isomiR reads over corre-
sponding miRNA species total reads. Detection of more than
zero reads in at least three samples was required for miRNAs and
isomiRs to be included in downstream analyses.

Differential expression analyses

Several samples included in the study were genetically related
because they were donated by the same individual or couple. To
account for sample relatedness, we used R package MACAU 2.0
v1.10 (Sun et al. 2017) in DE analysis of miRNAs and isomiRs.
Oocytes (n=12) were compared to embryos (n=10) using the
Poisson mixed model in MACAU 2.0. We required each miRNA/
isomiR to have more than one read in at least five samples after
adding a pseudocount of 1 to be included in the analysis.
miRNAmodification ratio differences between oocytes and embry-
os were determined using a linear model with the modification ra-
tio as the response variable and batch and phenotype as the
explanatory variables. Phenotype variable P-values were extracted
from each model and adjusted for multiple testing using the
Benjamini–Hochberg method (Benjamini and Hochberg 1995).
Expression changes were regarded as significant when FDR<
0.05. Detailed information is provided in Supplemental Methods.

Novel miRNAs

We predicted novel miRNAs with miRDeep2 v0.1.2 (Friedländer
et al. 2012) and sRNAbench (Rueda et al. 2015; Aparicio-Puerta
et al. 2019) as specified in Supplemental Methods. Briefly, detec-
tion of novel miRNAs was performed using unassigned reads
that were 17–25 nt long. Mature human miRNA and hairpin se-
quences frommiRBase v22 were provided to detect reads mapping
to known miRNAs. Mature miRNAs of all other available species
were used to detect novel miRNAs with annotated miRNA homo-
logs.We required a >90% overlap of pre-miRNA coordinate predic-
tions by both software and expression of putative miRNA and/or
star sequence in more than one sample with more than zero reads
assigned by sRNAbench. The novel (pre-)miRNA candidates were
further investigated for their confidence based on miRBase high
confidence criteria (Kozomara and Griffiths-Jones 2014) and addi-
tional quality criteria stated in Fromm et al. (2015).

Data access

The data set that supports these findings has been deposited with
CSC–IT Center for Science Ltd., and it is accessible for scientific
purposes at https://doi.org/10.24340/x3z4-rpmfwx. Because of pa-
tient consent and confidentiality agreements, data access will be
evaluated by the Data Access Committee according to Finnish leg-
islation. Data can be accessed internationally with valid Data
Access Agreement, but data processing is restricted to Finland.
To initiate the data access application process, contact
servicedesk@csc.fi (e-mail subject: SD Apply/Sensitive Data).
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