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Supplementary Note 1: Adaptation of a published pipeline

for identification of the adenosine-to-inosine editome for

human embryonic samples

We adapted a pipeline published by Ramaswami et al.1 to identify the adenosine-

to-inosine (A-to-I) RNA editome for human embryonic samples. Here we detail the

adaptation steps. Also see Supplementary Figure 1 for a detailed pipeline flowchart.

Construction of splice-aware genomes

We used the human genome assembly hg38 and the University at California at

Santa Cruz’s knownGene GENCODE version 322 annotation to construct the splice-

aware genomes. Because samples from the 20 datasets collected have different read

lengths (Supplementary Data 1), we constructed a specific splice-aware genome for

each read length. For a given paired-end or single-ended RNA sequencing (RNA-seq)

sample with a read end length of n bp, the two transcript sequences n - 5 bp upstream

and downstream of each junction site on a transcript were extracted (in the form of

genomic plus strand sequences) and concatenated as the exonic sequence covering that

junction site.

Alignment of reads to the splice-aware genome

We used Trim Galore! (version 0.6.6)3 and then fastp4 to automatically cut adapters

and filter for reads with average quality scores >= 25 before mapping them to the splice-

aware genome using Burrows-Wheeler alignment5. During this processing, we found

that the sample GSM922196 (with Sequence Read Archive run accession SRR491011)

contained invalid reads (i.e., reads whose sequence lengths were not equal to the qual-

ity lengths), which we removed. We then used Picard (https://broadinstitute.

github.io/picard/) to merge runs from the same sample and removed the PCR du-
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plicates. Finally, we mapped the coordinates of these alignments back onto the hg38

assembly, and kept only alignments with mapping quality scores >= 20 on chromo-

somes 1-22, X, or Y.

Variant calling with GATK

We used Genome Analysis Toolkit (GATK) version 3.6.06 to realign the reads at

indels with IndelRealigner, and then recalibrated base quality scores using BaseRecal-

ibrator with the dbSNP7 vcf file (version 151) downloaded from https://ftp.ncbi.

nlm.nih.gov/snp/organisms/human_9606/VCF/00-common_all.vcf.gz on Au-

gust 26th, 2020. We called the variants using UnifiedGenotyper with the parameters

“-stand_call_conf 0 -stand_emit_conf 0”. All GATK commands were also equipped

with the parameter “-U ALLOW_N_CIGAR_READS” when suggested by these com-

mands.

Filter against unreliable variants

Steps (1-9) for first-round per-sample filtering (with relevant Perl script in the

GitHub repository marked when available):

1. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/Convert_VCF.pl) Starting from the GATK-called VCF file, we fil-

tered variant sites (‘sites’ for short) for those on autosomes, chromosome X, or

chromosome Y with the FILTER being “PASS” and at least one read covered.

2. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/ref_filter.pl) We filtered for sites that had not been labeled as a

dbSNP variant during GATK variant calling, or had been labeled as the cDNA
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molecular type as annotated by UCSC Genome Browser dbSNP version 151 (

http://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg38&g=snp151Flagged).

3. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/threads_rmMismatch.pl and https://github.com/gao-lab/

HERE/blob/master/scripts/S15_1__get_sample_RNA_editing_sites_

v3/step07__apply_complex_filter/complex_filter_1/Remove_mismatch_

first6bp.pl) For each site, we re-counted the number of mismatch reads on

this sites based on all realigned reads (as produced by GATK IndelRealigner)

whose mismatched base at this site was located outside the first 5-prime 6 bp of

the read and had a base quality (as recorded in the realigned bam file) no less

than 58. If no reads with mismatched bases were available for a given site after

re-counting, this site was discarded. In addition, we discarded sites with two

or more different types of mismatch bases (i.e., sites that are potential polymor-

phisms).

4. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/Alu_filter.pl) We then separated the sites into those on and not

on Alu elements, as annotated by the UCSC RepeatMasker track (http://

genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg38&g=rmsk); the resulting sub-

sets were named “Alu subset” and “other subset”, respectively. No sites were

discarded in this step.

5. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/FreqSimple.pl) We picked the “other subset” and filtered for sites

that both (a) had a mismatch frequency > 0.1, and (b) did not overlap with any

simple repeats described by the simple repeats annotated by the UCSC Genome
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Browser RepeatMasker track.

6. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/threads_rmSJandHomo.pl, https://github.com/gao-lab/HERE/

blob/master/scripts/S15_1__get_sample_RNA_editing_sites_v3/step07_

_apply_complex_filter/complex_filter_1/RemoveHomoNucleotides.

pl, and https://github.com/gao-lab/HERE/blob/master/scripts/S15_

1__get_sample_RNA_editing_sites_v3/step07__apply_complex_filter/

complex_filter_1/Filter_intron_near_splicejuncts.pl) We picked the

output of Step (5), and filtered for sites that both (a) was not located within 4bp

intronic regions of splicing sites defined by the UCSC Genome Browser known-

Genes track (http://genome.ucsc.edu/cgi-bin/hgTrackUi?db=hg38&g=

wgEncodeGencodeV32), and (b) was not located within a homopolymer >=5bp

(i.e., a >=5bp sequence segment consisting of identical nucleotides).

7. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/threads_BlatCandidates.pl and https://github.com/gao-lab/

HERE/blob/master/scripts/S15_1__get_sample_RNA_editing_sites_

v3/step07__apply_complex_filter/complex_filter_1/BLAT_candidates.

pl) We picked the output of Step (6), and for each its site we (a) extracted all

those realigned reads with the mismatched base for this site (as produced by

GATK IndelRealigner), (b) aligned them to the entire genome with blat (with the

following parameters: -stepSize=20 -repMatch=2253 -minScore=20 -minIdentity=0

-noHead) as suggested by Lo Giudice et al.8, (c) identified for each read whether

it can uniquely map to this site again (with its Blat score * 0.95 higher than the

Blat score of the second best hit), and (d) kept this site only if the number of

reads that can uniquely map to this site is no less than the number of reads that
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can’t. We then update the number of mismatches on this site with the number of

reads that can uniquely map to this site.

8. (https://github.com/gao-lab/HERE/blob/master/scripts/S15_1__get_

sample_RNA_editing_sites_v3/step07__apply_complex_filter/complex_

filter_1/nonAlu_filter_new.pl) We picked the output of Step (7), and

used UCSC Genome Browser RepeatMasker track to separate these sites into

those that were on non-Alu repeat elements, and those that were not on repeat

elements. No sites were discarded in this step.

9. We used “bcftools concat –allow-overlaps” to combine the sites called on Alu

elements from Step (4), sites on non-Alu repeat elements from Step (8), and

sites not on repeat elements from Step (8). No sites were discarded in this step.

Step (10)

We used “bcftools isec –collapse all” to identify all those genomic variants from

the following worldwide population studies that overlapped with any of the sites dis-

covered in any samples in Steps (1-9).

• the University of Washington Exome Sequencing Project (http://evs.gs.

washington.edu/EVS/),

• the 1000Genomes Project9 (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/

data_collections/1000_genomes_project/release/20190312_biallelic_

SNV_and_INDEL/),

• all version 2.1.1 exome and genome variants (using the liftover_hg38 versions)

and all version 3.0 genome variants of the gnomAD project10, and

• the National Center for Biotechnology Information’s Allele Frequency Aggre-

gator project (which involves the computation of allele frequencies for variants
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in the database of Genotypes and Phenotypes across approved un-restricted stud-

ies)11 (https://ftp.ncbi.nih.gov/snp/population_frequency/latest_

release/freq.vcf.gz ; downloaded on November 11th, 2020).

We then used “bcftools isec –collapse all” to identify all those variant sites discov-

ered in any samples in Steps (1-9) that overlapped with any of these genomic variants,

and discarded these variant sites.

Step (11)

Starting with the variant sites kept in Step (10), we further kept those sites that met

either of the following: (a) this site was located in an Alu element, and had >=10 reads

covered, and had a >=10% mismatch frequency; (b) this site was not located in an Alu

element, and had >=10 reads covered, and had a >=10% mismatch frequency, and had

>=3 reads supporting the mismatch.

Step (12)

Starting with the variant sites kept in Step (11), we further kept those sites that met

either of the following: (a) this site was located in an Alu element; (b) this site was not

located in an Alu element, and was observed in at least two normal samples (or two

abnormal samples) of the same stage (see Supplementary Data 2 for the details of each

stage).

Step (13)

Starting with the variant sites kept in Step (11) and their SnpEff annotation (run

with parameters “snpEff ann -lof” and the GENCODE v32 annotation), we kept those

variants annotated with either the A>G (i.e., A-to-G) SnpEff event only, or both the

A>G and the T>C (i.e., T-to-C) SnpEff event. The former can be regarded as strand-

definite, while the latter can be regarded as strand-ambiguous.
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We deliberately kept the latter type of variant, which appeared in at least two tran-

scripts of different orientations (i.e., a variant reported by SnpEff to induce an A-to-G

shift in one transcript and a thymine-to-cytosine shift in another), because a previ-

ously well-studied A-to-I RNA editing event found to recode tyrosine to cysteine in

the BLCAP (bladder cancer-associated protein) gene12, persist in human embryonic

stem cells and multiple human tissues13, and promote cell proliferation14 is this type

of variants.

Marking of unsequenced editing sites

Due to the inherent technical noise of RNA-seq that occurs with low cell con-

tent, including a high drop-out rate15, the labeling of edits in unsequenced regions as

nonexistent would be obviously biased. We thus marked all editing sites with zero read

coverage in each sample as “unsequenced” rather than “nonexistent” or “undetected”;

sites with at least one read covered were not altered in this step.
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Supplementary Note 2: Validation of the reliability of the

adapted pipeline for cells using paired DNA- and RNA-

sequencing datasets

Ding et al.16 suggested that the majority of mutations detected from single-cell

RNA sequencing (scRNA-seq) datasets are likely to be [adenosine-to-inosine (A-to-I)]

RNA editing events. Thus, the direct application of preexisting RNA editing identifi-

cation pipelines, which are generally more stringent than genomic variant calling ap-

proaches1 to these datasets, should yield a ratio of genomic variant-overlapping edits

comparable to those obtained with bulk datasets.

Nevertheless, we validated our adapted pipeline using paired single-cell DNA-

/RNA-seq datasets for the A375 cell line17 (we did not use the dataset18 used by Ding

et al.16 because it is not publicly available). For each A375 cell with both DNA and

RNA sequenced, we downloaded the raw reads and applied our pipeline with the fol-

lowing modifications:

• We used Zachariadis et al.’s read preprocessing strategy17 (https://github.

com/EngeLab/DNTRseq).

• Whereas we applied all filters to RNA-seq data to obtain identified editing events,

for DNA-Seq we stopped at the raw variant calling results generated by GATK

and treated them as the ground truth for genomic variants.

• Due to the low sequencing depth of these samples, we adjusted the read coverage

filter. Specifically, we filtered for Alu edits with at least two reads covered and

an editing level of at least 0.1, and for non-Alu edits additionally with at least

two reads with mismatches.

Comparison of the edits in each cell with its genomic variants revealed that all A375

cells with at least one edit identified had a zero ratio of genomic variant-overlapping
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edits after, but not before, our filtering (Fig. 1d). This result supported the validity of

our pipeline.
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Supplementary Note 3: Analysis of Alu-editing index (AEI)

across samples

We used the RNAEditingIndexer (https://github.com/a2iEditing/RNAEditingIndexer)

as published by Roth et al. that starts from the RNA-seq read alignment (in BAM for-

mat) of a given sample and computes its AEI19. Because Roth et al. have demonstrated

that their strand selection strategy (Fig. 1d and Methods in Roth et al.19) “has a high

agreement between the [Alu-editing] indexes calculated both with and without taking

into account the correct strand information (Fig. 2a, Supplementary Fig. 1, and Sup-

plementary Notes 1)”, for simplicity we assumed all datasets were unstranded.

The overall AEI is higher in 4-cells and earlier embryos and become much lower

in 8-cells and later embryos (Supplementary Figure 7). Their correlations with ADAR

expression are mostly either statistically significant but weak, or not statistically sig-

nificant (Supplementary Figure 8), which is consistent with the observation that such

correlation is rather weak in adult human tissues19.

11



Supplementary Note 4: A preliminary case study on MBS-

gaining REEs on a given gene

To investigate potential key targets of MBS-gaining REEs, we surveyed genes that

have been shown to undergo maternal mRNA clearance, and examined whether they

were targeted by any MBS-gaining REEs. We found that the SUV39H2 gene, a known

target of maternal mRNA clearance during human embryogenesis20, was targeted by

three REEs in oocytes (GV), one of which gains a new MBS, suggesting a potential

REE-MBS-based mechanism of clearance regulation (Supplementary Figure 31). In

support of this, a closer examination of their association with the targeted gene’s ex-

pression level revealed a clear negative correlation (Supplementary Figure 32).

However, this MBS-gaining REE was classified as MBS-gaining only when we

used the TargetScan prediction directly; when taking the intersection of predictions

from TargetScan and miRanda, the TargetScan-predicted new MBS gained by this REE

was not supported by miRanda. Therefore, we currently cannot determine whether this

TargetScan-based discovery is merely a false positive or a true biological signal that is

marked as a false negative by miRanda.
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Supplementary Note 5: Analysis of REE on PAN2-PAN3,

CCR4-NOT, and RNA exosome-mediated mRNA degra-

dation pathways

We first examined whether the A-to-I edits could affect the key gene in each of

these pathways. Specifically, we examined whether REEs target the following genes:

1. PAN2-PAN321:

(a) Core subunits: PAN2, PAN3

2. CCR4-NOT22:

(a) Scaffold: CNOT1

(b) Unknown but contributes to stabilization of the complex and RNA substrate

recruitment: CNOT2, CNOT10, CNOT11

(c) Interaction with ribosomes: CNOT3

(d) Ubiquitin E3-ligase activity: CNOT4

(e) Deadenylase: CNOT6, CNOT6L, CNOT7, CNOT8

(f) Transcriptional cofactor: CNOT9

(g) Multifunctional: TNKS1BP1

3. RNA exosome23:

(a) Subunit of the 6-subunit ring of the 10-subunit core exosome: EXOSC4,

EXOSC5, EXOSC6, EXOSC7, EXOSC8, EXOSC9

(b) Subunit of the 3-subunit cap of the 10-subunit core exosome: EXOSC1,

EXOSC2, EXOSC3

(c) Ribonuclease/Catalytic subunit: DIS3
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(d) Riboexonuclease subunit: EXOSC10

(e) Nuclear exosome cofactor: TENT4B (also known as PAPD5), ZCCHC7,

MTREX (RNA helicase; also known as MTR4), MPHOSPH6 (also known

as MPH6 and MPP6), C1D, SETX, ZCCHC8, RBM7

(f) Cytoplasmic exosome cofactor: SKIV2L (RNA helicase), TTC37 (whose

yeast ortholog is Ski3), WDR61 (whose yeast ortholog is Ski8), HBS1L

(isoform 3; whose yeast ortholog is Ski7)

We found that multiple REEs target EXOSC6 in oocyte (GV), oocyte (MII), and

zygote, and a single REE targets CNOT6 in 2-cell (Supplementary Figure 34). While

the function of EXOSC6 has been rarely studied, the mouse ortholog of EXOSC10 in

the RNA exosome degradation pathway has been found to be required for the growth-

to-maturation transition in oocytes24 and eight-cell embryo/morula transition25; there-

fore, it is also possible that A-to-I editing on EXOSC6 is a preferred regulation on the

RNA exosome degradation pathway by oocytes (GV), oocytes (MII), and/or zygotes.

On the other hand, the mouse ortholog of CNOT6 gene has been found to regulate

deadenylation of mRNAs in mouse oocyte growth and maturation26, and the mouse

CCR4-NOT complex itself is also found to be involved in regulating 2-cell-specific

genes27, suggesting the possibility that A-to-I editing on CNOT6 might be preferred in

the 2-cell stage as well.

Because the CCR4-NOT complex is known to target 3’-UTR of mRNAs with cer-

tain sequence motifs28, we also examined whether REEs could lead to gain or loss of

such motifs. Specifically, we examined the Pumilio-response element (PRE) UGUA-

NAUW (where N is any nucleotide and W is either A or U)29, and the AU-rich element

(ARE) UUAUUUAUU30. In addition, we also examined the hnRNP A1 and A2/B1

binding site UAASUUAU (where S is either C or G) as discovered in31. We found

that REEs in normal early stages did alter 6 motifs for 5 genes (Supplementary Figure

35), suggesting that A-to-I could indeed be able to affect (CCR4-NOT-based) RNA
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degradation at the level of CCR4-NOT sequence motif.
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Supplementary Note 6: A preliminary examination of

the difference in the total number of REE-matching edits

between abnormal and normal embryos

The (almost complete) loss of some REE-matching edits in embryos with uni-

parental disomy and those from elder mothers (Fig. 4) might be the extreme cases – the

most affected REE-matching edits – of a wave of systematic loss of many (if not most)

REE-matching edits in these embryos. Indeed, the number of REE-matching edits in

abnormal embryos (or embryos from elder mothers) is smaller (though mostly statisti-

cally insignificantly) than that in normal embryos (or embryos from young mothers) in

many but not all cases (Supplementary Figure 37). However, we noticed that the dif-

ference is indeed larger and clear in GSE95477. Therefore, we determined to examine

whether there are certain subsets of protein-coding genes actively regulated by REEs

that underwent statistically significant loss in abnormal embryos or embryos from el-

der mothers. To examine whether a subset of protein-coding genes actively regulated

by REEs underwent statistically significant loss in abnormal embryos or embryos from

elder mothers, we examined the average change in REEs per gene in targets of ma-

ternal mRNA clearance (using other maternal genes as controls) with the exclusion of

samples that were potentially outliers (Supplementary Note 7). In GSE95477 sam-

ples (Supplementary Figure 38a), we observed statistically significantly fewer REE-

matching edits per gene in targets of maternal mRNA clearance on average in oocytes

(GV) from elder mothers than in those from young mothers (Supplementary Figure

38b), suggesting that REEs are favored in these targets at least at this developmental

stage (see Supplementary Figure 41 for results from other datasets). These results raise

the possibility that the loss of certain REEs is indicative of certain phenotypes in a man-

ner that may be related to key embryonic processes such as maternal mRNA clearance.

However, the sample size from which the conclusion is derived is too limited (no more
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than 5 for each type of oocytes), and a further examination with a large sample size of

each type of oocytes is needed to confirm whether this is a truly biological signal.
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Supplementary Note 7: Outlier analysis with GSE95477

For analysis of distribution of REE-matching edits between targets of maternal

mRNA clearance and other maternal genes (Supplementary Figure 38b), when taking

all samples into account we observed a decline in the average number of recurrent em-

bryonic edit (REE)-matching edits per gene in oocytes [germinal vesicle (GV) stage]

from young to older mothers, but this difference was not statistically significant (Sup-

plementary Figure 39). Further examination of these samples revealed that one from

and older mother (GSM2514781) had a poor maturation rate relative to the moderate

rates observed in other oocytes from older mothers (Supplementary Table 1 in32). We

clustered all of the samples using a Manhattan distance based on all REE-matching

edits of maternal genes only, and found that this sample appeared more like an oocyte

from a young mother (Supplementary Figure 40). Thus, we excluded GSM2514781

(and GSM2514773, an oocyte from a young mother that clustered more closely with

oocytes from older mothers) from the set of oocyte (GV) samples included in the anal-

ysis whose results are illustrated in Supplementary Figure 38b.
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Supplementary Figures
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Supplementary Figure 1
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Supplementary Figure 1. The more detailed analysis pipeline flowchart. The

per-filter A>G or T>C percentage (except for Step (13) where the A>G or “both A>G

and T>C” percentage is used instead) of an example sample (GSM2706237) is listed.
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Supplementary Figure 2

a

b

Supplementary Figure 2. Percentage of all possible 12 types of simple nu-

cleotide changes and the triple motif of edits identified. (a), the all possible 12 types

of simple nucleotide changes. (b), the triple motif of edits identified. In (a), bar height

22



and error bars display the mean and standard deviation, respectively, of percentage

across the samples. Only samples with at least 10 edits identified were considered in

this plot.
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Supplementary Figure 3
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Supplementary Figure 3. Counts of the union of edits identified across all

samples from each stage. Stages labeled with * have only one sample. GV, germi-

nal vesicle. MI, metaphase of first meiosis. MII, metaphase of second meiosis. PN,

pronuclear. TE, trophectoderm. ICM, inner cell mass. hESC, human embryonic stem

cell. CTB, cytotrophoblast. STB, syncytiotrophoblast. EVT, extravillous trophoblast.

MTB, migratory trophoblast.
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Supplementary Figure 4

Supplementary Figure 4. The distribution plot of mapping and variant calling

statistics for the samples analyzed. (a), distribution for the mapping rates (defined as

the ratio of “the number of reads kept after GATK recalibration” to “the total number

of trimmed reads prior to BWA mapping”). (b), distribution for the sequencing depths

(defined as the samtools coverage-reported mean depth across the whole genome). (c),

distribution for the A-to-G proportions across all 12 nucleotide changes. Symbols in

boxplots follow the definition by “geom_boxplot” of the R package “ggplot2”33 : the

inner thick line indicates the median; the lower and upper boundaries (or hinges) of

the box indicate the first and third quartiles (i.e., 25% and 75% quantiles), respec-

tively; the upper whisker extends from the hinge to the largest value no further than
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1.5 * inter-quartile range (the third quartile minus the first quartile), the lower whisker

extends from the hinge to the smallest value at most 1.5 * inter-quartile range of the

hinge, and data beyond the end of the whiskers are the outlier points, which are plotted

individually.
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Supplementary Figure 5

Supplementary Figure 5. Distribution of editing level in each sample group

(with all edits shown and in log10-scale). Note that although we have used a very

stringent pipeline (see Methods), we still found a number of editing sites with an editing

level of 1. These editing sites might not be real A-to-I edits and should be examined

with caution. Here all edits were shown, and the y-axis was plotted in log10-scale.
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Supplementary Figure 6

Supplementary Figure 6. Distribution of editing level in each sample group

(where only edits with editing level not being 1 were shown). This figure is the

same as Supplementary Figure 5 except that only edits with editing level not being 1

were plotted, and the y-axis was plotted as-is.
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Supplementary Figure 7

Supplementary Figure 7. Distribution of AEI across different stages of em-

bryonic samples. Symbols in boxplots follow the definition by “geom_boxplot” of

the R package “ggplot2”33 : the inner thick line indicates the median; the lower and

upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e., 25%

and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first
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quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 8

Supplementary Figure 8. Histogram of Spearman’s correlation coefficients

between AEI and ADAR FPKM for each normal stage with >=10 normal sam-

ples. All those that have a Benjamini-Hochberg-adjusted p-value for the Spearman

correlation coefficient test (with the alternative hypothesis being that the correlation

coefficient is not equal to 0) that is no less than 0.05 were considered not significant

(NS). See Supplementary Data 33 for description of sample size and the 95% confi-

dence interval for each of these tests.
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Supplementary Figure 9

Supplementary Figure 9. Distribution of percentage of A-to-G variants for

Alu and non-Alu sites separately. The proportion is defined as “the union of strand-

definite A-to-G variants and strand-ambiguous A-to-G/T-to-C variants” (see Step (13)

of Supplementary Note 1) to all variants. Symbols in boxplots follow the definition by

“geom_boxplot” of the R package “ggplot2”33 : the inner thick line indicates the me-

dian; the lower and upper boundaries (or hinges) of the box indicate the first and third

quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker extends from

the hinge to the largest value no further than 1.5 * inter-quartile range (the third quartile

minus the first quartile), the lower whisker extends from the hinge to the smallest value

at most 1.5 * inter-quartile range of the hinge, and data beyond the end of the whiskers

are the outlier points, which are plotted individually.
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Supplementary Figure 10

Supplementary Figure 10. Overall genomic distribution of edits from normal

and/or abnormal samples per stage. Only stages with both types of samples were

shown.
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Supplementary Figure 11

Supplementary Figure 11. Statistical significance in the deviation of 3’-UTR-

or-intron edit ratio of the normal-abnormal overlap edits from that of the normal-

/abnormal-unique edits per stage. While their overall distribution (see Supplemen-

tary Figure 10) displayed a statistical significance in the deviation of 3’-UTR-or-intron

edit ratio of the overlap edits from that of the unique edits, as shown here, such de-

viation might partially arise from the fact that they were also identified with a higher

sequence coverage (see Supplementary Figure 12). In addition, the drop of statistical

significance in 8-cells and morula stages might be a consequence of multiple factors,

including but not limited to the loss of a stable editing pattern indicated by REE upon

entry into the 8-cell stage (Fig. 2b), the end of maternal mRNA clearance34, and the

wave of zygotic genomic activation35 in the 8-cell stage. Only stages with both types of

samples were shown. All p-values were from the chi-square test (with the null hypothe-
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sis being that whether an edit is a 3’-UTR-or-intron edit is independent of whether this

edit is shared by both or normal-/abnormal-only) and Benjamini-Hochberg-adjusted.

See Supplementary Data 28 (the source data behind Supplementary Figures 10 and 11)

for the number of edits in each group in each chi-square test.
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Supplementary Figure 12

Supplementary Figure 12. Distribution of per-sample sequencing depth of the

normal-abnormal overlap edits from that of the normal-/abnormal-unique edits

per stage. See Supplementary Figure 11 for more details. Only stages with both types

of samples were shown. Symbols in boxplots follow the definition by “geom_boxplot”

of the R package “ggplot2”33 : the inner thick line indicates the median; the lower

and upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e.,

25% and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 13

Supplementary Figure 13. Percentage of 3’-UTR edits among all edits ob-

served in the early stages of embryogenesis.
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Supplementary Figure 14

Supplementary Figure 14. Percentage of 3’-UTR REEs in the late stages of

embryogenesis.
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Supplementary Figure 15

Supplementary Figure 15. Percentage of exonic edits and exonic REEs (shown

in red) in the late stages of embryogenesis. Each stage label is appended with an

additional label describing the number of exonic edits (or REEs) / the number of total

edits (or REEs).
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Supplementary Figure 16

Supplementary Figure 16. The developmental expression pattern of genes

with and without REEs, with the starting stage being oocyte (GV). For each of

Supplementary Figure 16, Supplementary Figure 17, Supplementary Figure 18, Sup-

plementary Figure 19, and Supplementary Figure 20, the starting stage is the stage

whose observation of REE on each gene was used to split the genes into “Has REE

in the starting stage” and “Does not have REE in the starting stage”, and the “subse-

quent stage” is the stage that is after the starting stage along the development timeline.

In addition, for each subplot only genes with FPKM > 0.1 at the starting stage was

considered. The number shown below each boxplot is the median of all FPKM medi-

ans (without the transformation of log10(FPKM median+1×10−4)) for that boxplot.

Here, the starting stage is oocyte (GV). Symbols in boxplots follow the definition by

“geom_boxplot” of the R package “ggplot2”33 : the inner thick line indicates the me-

dian; the lower and upper boundaries (or hinges) of the box indicate the first and third

quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker extends from

the hinge to the largest value no further than 1.5 * inter-quartile range (the third quartile

minus the first quartile), the lower whisker extends from the hinge to the smallest value

at most 1.5 * inter-quartile range of the hinge, and data beyond the end of the whiskers
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are the outlier points, which are plotted individually.
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Supplementary Figure 17

Supplementary Figure 17. The developmental expression pattern of genes

with and without REEs, with the starting stage being oocyte (MII). See Supple-

mentary Figure 16 for more details. Symbols in boxplots follow the definition by

“geom_boxplot” of the R package “ggplot2”33 : the inner thick line indicates the me-

dian; the lower and upper boundaries (or hinges) of the box indicate the first and third

quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker extends from

the hinge to the largest value no further than 1.5 * inter-quartile range (the third quartile

minus the first quartile), the lower whisker extends from the hinge to the smallest value

at most 1.5 * inter-quartile range of the hinge, and data beyond the end of the whiskers

are the outlier points, which are plotted individually.
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Supplementary Figure 18

Supplementary Figure 18. The developmental expression pattern of genes with

and without REEs, with the starting stage being zygote. See Supplementary Figure

16 for more details. Symbols in boxplots follow the definition by “geom_boxplot”

of the R package “ggplot2”33 : the inner thick line indicates the median; the lower

and upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e.,

25% and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.

44



Supplementary Figure 19

Supplementary Figure 19. The developmental expression pattern of genes with

and without REEs, with the starting stage being 2-cell. See Supplementary Figure

16 for more details. Symbols in boxplots follow the definition by “geom_boxplot”

of the R package “ggplot2”33 : the inner thick line indicates the median; the lower

and upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e.,

25% and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 20

Supplementary Figure 20. The developmental expression pattern of genes with

and without REEs, with the starting stage being 4-cell. See Supplementary Figure

16 for more details. Symbols in boxplots follow the definition by “geom_boxplot”

of the R package “ggplot2”33 : the inner thick line indicates the median; the lower

and upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e.,

25% and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 21

Supplementary Figure 21. An example heatmap for the gene FPKM median

along the development progress, considering only those genes whose FPKM me-

dian is larger than 200 in the oocyte (GV) stage. Shown from left to right are the

columns for log10(FPKM median + 1e-04) in oocytes (GV), oocytes (MII), zygotes,
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2-cells, 4-cells, and 8-cells, and the binned Benjamini-Hochberg-adjusted adjusted p-

values and signs of regression coefficients of the corresponding linear regression result

for each gene. The regression of per-stage FPKM medians against stages was carried

out by treating the stages (from oocyte (GV) to 8-cell) as the integers 1 to 6, respec-

tively (and thus the “sample size” for each linear regression test is 6). The p-values

are from the linear regression test with the null hypothesis being that the coefficient of

stage for predicting the FPKM values is zero. We note that the prediction results are

not very accurate due to the limited “sample size” (6) for each of the linear regression

test; we ran the linear regression test mostly for displaying how well each gene fol-

lows a monotonically increasing (or decreasing) trend of expression change along the

progressing of embryonic stages.
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Supplementary Figure 22

Supplementary Figure 22. Spearman’s correlation coefficient between median

editing level of a REE in a given stage and median FPKM of the gene hosting that

REE in the latter stage. Only normal samples from early stages were considered.

For each stage pair, only genes with median FPKM > 0.001 in the current stage were

plotted. The p-value shown in each scatterplot is the Benjamini-Hochberg-adjusted

(BH-adjusted) p-value for two-sided correlation test (computed by R’s cor.test(method

= “spearman”)), with the null hypothesis being that the correlation is zero. The 95%

confidence interval (CI) for this test was computed using the ci.spear function of the R
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package statpsych. The trend of association is visualized by linear regression (with or-

ange line denoting the fitted line and grey shadow denoting its 95% confidence interval

of the slope of the regression, where the null hypothesis for the linear regression test is

that the slope is zero).
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Supplementary Figure 23

Supplementary Figure 23. Coverage of each of the 107 REE in the samples

from samples of elder mothers. For each of oocyte types listed here, only those REEs

determined to be completely lost were displayed.
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Supplementary Figure 24

Supplementary Figure 24. Coverage of each of the 107 REE in the samples
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from androgenetic/parthenogenetic zygotes. For each of embryo types listed here,

only those REEs determined to be completely lost were displayed.
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Supplementary Figure 25

Supplementary Figure 25. Coverage of each of the 107 REE in the samples

from parthenogenetic 2-cells. For each of embryo types listed here, only those REEs

determined to be completely lost were displayed.
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Supplementary Figure 26

Supplementary Figure 26. Distribution of normal sample editing level of the

107 REEs lost in oocytes from elder mothers. We note that the editing site for

chr21:33264079 is always 100%, and this site should be further examined with caution

(also see Supplementary Figure 5 and Supplementary Figure 6). Symbols in boxplots
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follow the definition by “geom_boxplot” of the R package “ggplot2”33 : the inner thick

line indicates the median; the lower and upper boundaries (or hinges) of the box indi-

cate the first and third quartiles (i.e., 25% and 75% quantiles), respectively; the upper

whisker extends from the hinge to the largest value no further than 1.5 * inter-quartile

range (the third quartile minus the first quartile), the lower whisker extends from the

hinge to the smallest value at most 1.5 * inter-quartile range of the hinge, and data

beyond the end of the whiskers are the outlier points, which are plotted individually.
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Supplementary Figure 27

Supplementary Figure 27. Distribution of normal sample editing level of the

107 REEs lost in oocytes from androgenetic embryos. Symbols in boxplots follow

the definition by “geom_boxplot” of the R package “ggplot2”33 : the inner thick line

indicates the median; the lower and upper boundaries (or hinges) of the box indicate the
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first and third quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker

extends from the hinge to the largest value no further than 1.5 * inter-quartile range

(the third quartile minus the first quartile), the lower whisker extends from the hinge to

the smallest value at most 1.5 * inter-quartile range of the hinge, and data beyond the

end of the whiskers are the outlier points, which are plotted individually.
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Supplementary Figure 28

Supplementary Figure 28. Distribution of normal sample editing level of the

107 REEs lost in oocytes from parthenogenetic embryos. Symbols in boxplots fol-

low the definition by “geom_boxplot” of the R package “ggplot2”33 : the inner thick

line indicates the median; the lower and upper boundaries (or hinges) of the box indi-
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cate the first and third quartiles (i.e., 25% and 75% quantiles), respectively; the upper

whisker extends from the hinge to the largest value no further than 1.5 * inter-quartile

range (the third quartile minus the first quartile), the lower whisker extends from the

hinge to the smallest value at most 1.5 * inter-quartile range of the hinge, and data

beyond the end of the whiskers are the outlier points, which are plotted individually.
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Supplementary Figure 29

Supplementary Figure 29. Ratio of MBS-altering edits in 3’-UTR REEs and

all 3’-UTR edits, with no-overlap edits considered.
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Supplementary Figure 30

Supplementary Figure 30. Genes targeted by maternal mRNA clearance ex-
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hibited a more positive net change in MBS counts due to REEs than did baseline

but not did other maternal genes. All p-values were unadjusted and were derived

from one-tailed, unpaired Wilcoxon’s Rank Sum test, with the alternative hypothesis

being that the median value for the left (“decay at 8-cell”; see the subsection “Annota-

tion of maternal genes and targets of maternal mRNA clearance” in Methods for more

details about “decay at 8-cell” and “others”) group would be greater than that for the

right (others/baseline) group. The baseline group is just a value of 0; we plotted it here

for the sake of visual clarity. The unpaired test between “decay at 8-cell” and “others”

involves 17,060 and 17,755 pairs of (gene, sample) for “decay at 8-cell” and “others”,

respectively, and its estimated (pseudo)median and 95 percent confidence interval re-

ported by R are 7.537961×10−6 and [−3.372651×10−6,+∞), respectively. The test

between “decay at 8-cell” and the 0 baseline involves 17,060 pairs of (gene, sample) for

“decay at 8-cell”, and has an estimated (pseudo)median of 0.9999568 and a 95 percent

confidence interval of [0.9999797,+∞) as reported by R.
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Supplementary Figure 31

Supplementary Figure 31. An example of REE-induced MBS gains on a known

clearance target SUV39H2. We note that this MBS-gaining prediction is not sup-

ported by miRanda. The genome assembly is hg38 and the gene annotation is GEN-

CODE version 32.

64



Supplementary Figure 32

Supplementary Figure 32. Scatterplot for the editing level of MBS-related

REE in oocyte (GV) on SUV39H2 in each sample and the FPKM of SUV39H2

in the same sample. Note that we only examined for each REE those oocyte (GV)

samples where this REE was detected; therefore, points for different REEs corre-

spond to different sample subsets, and their FPKM might not match completely. The

trend of association is visualized by linear regression (with line denoting the fitted

line and grey shadow denoting the 95% confidence interval). We also note that the

chr10_14904104_A_G REE was predicted to be MBS-gaining by TargetScan, but not

by miRanda.
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Supplementary Figure 33

Supplementary Figure 33. Spearman’s correlation coefficient between median
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editing level of a REE in a given stage and median FPKM of the gene hosting that

REE in the latter stage, with (gene, REE) pairs grouped by how the REE is related

to MBS. Only normal samples from early stages were considered. For each stage pair,

only genes with FPKM > 0.001 were plotted. The trend of association is visualized by

linear regression (with orange line denoting the fitted line and grey shadow denoting

the 95% confidence interval).
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Supplementary Figure 34

a

b

c

Supplementary Figure 34. EXOSC6 and CNOT6 are the REE-targeted genes

of the RNA degradation pathways in question. (a), editing profile of REEs on
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EXOSC6 across oocyte (GV), oocyte (MII), and zygote stages. (b), UCSC Genome

Browser track of EXOSC6 -targeting REEs. The genome assembly is hg38 and the gene

annotation is GENCODE version 32. (c), editing profile of the single REE on CNOT6

in the 2-cell stage. Symbols in boxplots follow the definition by “geom_boxplot” of

the R package “ggplot2”33 : the inner thick line indicates the median; the lower and

upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e., 25%

and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 35

Supplementary Figure 35. Editing profile for normal early stage REEs that al-

ter the CCR4-NOT sequence motifs. Symbols in boxplots follow the definition by

“geom_boxplot” of the R package “ggplot2”33 : the inner thick line indicates the me-

dian; the lower and upper boundaries (or hinges) of the box indicate the first and third

quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker extends from

the hinge to the largest value no further than 1.5 * inter-quartile range (the third quartile

minus the first quartile), the lower whisker extends from the hinge to the smallest value

at most 1.5 * inter-quartile range of the hinge, and data beyond the end of the whiskers

are the outlier points, which are plotted individually.
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Supplementary Figure 36

Supplementary Figure 36. IGV tracks showing read alignment at the TTF1

recoding edit (chr9:132,375,956) in the PG zygote GSM3928566 from the dataset

GSE133854. The genome assembly is hg38 and the gene annotation is GENCODE

version 32.
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Supplementary Figure 37

Supplementary Figure 37. Distribution of REE-matching edits on protein-coding

genes in datasets covering abnormal embryos and embryos from elder mothers. All p-

values were unadjusted and were derived from one-tailed, unpaired Wilcoxon’s Rank

Sum tests, with the alternative hypothesis being that the median value for the left (old

mother/AG/PG) group would be less than that for the right (young mother/control/BI

(biparental embryos)) group. See Supplementary Data 29 for description of sample

size, difference in location (the effect size for Wilcoxon’s Rank Sum test), and its 95%

confidence interval for each of these tests. Symbols in boxplots follow the definition

by “geom_boxplot” of the R package “ggplot2”33 : the inner thick line indicates the

median; the lower and upper boundaries (or hinges) of the box indicate the first and

third quartiles (i.e., 25% and 75% quantiles), respectively; the upper whisker extends

from the hinge to the largest value no further than 1.5 * inter-quartile range (the third

quartile minus the first quartile), the lower whisker extends from the hinge to the small-

est value at most 1.5 * inter-quartile range of the hinge, and data beyond the end of the

whiskers are the outlier points, which are plotted individually.
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Supplementary Figure 38

a

b

Supplementary Figure 38. Number of REE-matching edits per gene in dif-

ferent stages of GSE95477 samples and different gene groups. (a) Design for the
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study of dataset GSE9547732. (b) Average numbers of REE-matching edits per gene

in different stages and gene groups. All p-values were unadjusted and were derived

from one-tailed, unpaired Wilcoxon’s Rank Sum tests, with the alternative hypothesis

being that the median of “average number of REE-matching edits per gene” would de-

crease from young to old mothers. See the subsection “Annotation of maternal genes

and targets of maternal mRNA clearance” in Methods for more details about “decay at

8-cell” and “others”. Note that some outlier samples are excluded from this plot (Sup-

plementary Note 7, Supplementary Figure 39, and Supplementary Figure 40; see also

Supplementary Figure 41 for the analysis of other datasets). See Supplementary Data

30 for description of sample size, difference in location (the effect size for Wilcoxon’s

Rank Sum test), and its 95% confidence interval for each of these tests. Symbols in

boxplots follow the definition by “geom_boxplot” of the R package “ggplot2”33 : the

inner thick line indicates the median; the lower and upper boundaries (or hinges) of

the box indicate the first and third quartiles (i.e., 25% and 75% quantiles), respec-

tively; the upper whisker extends from the hinge to the largest value no further than

1.5 * inter-quartile range (the third quartile minus the first quartile), the lower whisker

extends from the hinge to the smallest value at most 1.5 * inter-quartile range of the

hinge, and data beyond the end of the whiskers are the outlier points, which are plotted

individually.
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Supplementary Figure 39

Supplementary Figure 39. Results from the same analysis whose results are

illustrated in Supplementary Figure 38b, but with the inclusion of all samples

from this dataset. All p-values were unadjusted and were derived from one-tailed,

unpaired Wilcoxon’s Rank Sum tests, with the alternative hypothesis being that the

average number of REE-matching edits per gene would decrease from young to old

mothers. See Supplementary Data 31 for description of sample size, difference in
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location (the effect size for Wilcoxon’s Rank Sum test), and its 95% confidence interval

for each of these tests. Symbols in boxplots follow the definition by “geom_boxplot”

of the R package “ggplot2”33 : the inner thick line indicates the median; the lower

and upper boundaries (or hinges) of the box indicate the first and third quartiles (i.e.,

25% and 75% quantiles), respectively; the upper whisker extends from the hinge to the

largest value no further than 1.5 * inter-quartile range (the third quartile minus the first

quartile), the lower whisker extends from the hinge to the smallest value at most 1.5 *

inter-quartile range of the hinge, and data beyond the end of the whiskers are the outlier

points, which are plotted individually.
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Supplementary Figure 40

Supplementary Figure 40. Hierarchical clustering of all samples from GSE95477

using the R function “hclust”, with the Manhattan distance based on all REE-

matching edits of maternal genes.
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Supplementary Figure 41
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Supplementary Figure 41. Results from the same analysis whose results are

illustrated in Supplementary Figure 37, but conducted with other datasets con-

taining data on abnormal early embryos (the GSE133854 dataset). All p-values

were unadjusted and based on one-tailed, unpaired Wilcoxon’s Rank Sum test, with

the alternative hypothesis being that the left (abnormal) group is greater than the right

(control) group. AG, androgenetic; PG, parthenogenetic; BI, biparental (i.e., normal).

See Supplementary Data 32 for description of sample size, difference in location (the

effect size for Wilcoxon’s Rank Sum test), and its 95% confidence interval for each of

these tests (except for the tests in the “decay at 8-cell” vs. “8-cell” group, where all

points are of the same value (possibly partly due to the depletion of such genes in the

8-cell stage) and the difference in location and the confidence interval cannot be esti-

mated). Symbols in boxplots follow the definition by “geom_boxplot” of the R package

“ggplot2”33 : the inner thick line indicates the median; the lower and upper boundaries

(or hinges) of the box indicate the first and third quartiles (i.e., 25% and 75% quan-

tiles), respectively; the upper whisker extends from the hinge to the largest value no

further than 1.5 * inter-quartile range (the third quartile minus the first quartile), the

lower whisker extends from the hinge to the smallest value at most 1.5 * inter-quartile

range of the hinge, and data beyond the end of the whiskers are the outlier points, which

are plotted individually.
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Supplementary Figure 42

Supplementary Figure 42. Count of normal or abnormal samples (in log10

scale) in each stage. Groups labeled with * have only one sample. GV, germinal vesi-

cle. MI, metaphase of first meiosis. MII, metaphase of second meiosis. PN, pronuclear.

TE, trophectoderm. ICM, inner cell mass. hESC, human embryonic stem cell. CTB,

cytotrophoblast. STB, syncytiotrophoblast. EVT, extravillous trophoblast. MTB, mi-

gratory trophoblast.
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Supplementary Figure 43

Supplementary Figure 43. How TargetScan and miRanda make their predic-

tions.
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Supplementary Figure 44

Supplementary Figure 44. Criteria for collapsing miRanda predictions and

also for determining the intersection of TargetScan and (collapsed) miRanda pre-

dictions.
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