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SUMMARY

Without new transcription, gene expression across the oocyte-to-embryo transition (OET) relies 

instead on regulation of mRNA poly(A) tails to control translation. However, how tail dynamics 

shape translation across the OET in mammals remains unclear. We perform long-read RNA 

sequencing to uncover poly(A) tail lengths across the mouse OET and, incorporating published 

ribosome profiling data, provide an integrated, transcriptome-wide analysis of poly(A) tails and 

translation across the entire transition. We uncover an extended wave of global deadenylation 

during fertilization in which short-tailed, oocyte-deposited mRNAs are translationally activated 

without polyadenylation through resistance to deadenylation. Subsequently, in the embryo, 

mRNAs are readenylated and translated in a surge of global polyadenylation. We further identify 

regulation of poly(A) tail length at the isoform level and stage-specific enrichment of mRNA 

sequence motifs among regulated transcripts. These data provide insight into the stage-specific 

mechanisms of poly(A) tail regulation that orchestrate gene expression from oocyte to embryo in 

mammals.

Graphical abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: hcookandersen@health.ucsd.edu.
AUTHOR CONTRIBUTIONS
Conceptualization, H.C.-A. and K.L.; investigation, K.L. and K.C.; formal analysis, K.L. and R.M.; writing – original draft, H.C.-A. 
and K.L.; writing – review & editing, H.C.-A., K.L., K.C., and R.M.; supervision, H.C.-A.; funding acquisition, H.C.-A.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2024.113710.

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 April 22.

Published in final edited form as:
Cell Rep. 2024 February 27; 43(2): 113710. doi:10.1016/j.celrep.2024.113710.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


In brief

Lee et al. provide a transcriptome-wide analysis of poly(A) tail and translation dynamics in mice. 

These data uncover an extended wave of global deadenylation that sets up a switch in translation 

control, with mRNAs translationally activated by resistance to global deadenylation in the oocyte 

and by readenylation in the embryo.

INTRODUCTION

The transition from a fully differentiated oocyte to a totipotent embryo (oocyte-to-embryo 

transition [OET]) capable of driving development of an entirely new organism is one of 

the most dynamic transitions in biology and, remarkably, occurs in the absence of de 
novo transcription. The OET begins with global transcriptional silencing in the fully grown 

germinal vesicle oocyte and ends with full reactivation of transcription in the early embryo 

(major embryonic genome activation [EGA]). Critical events during this window include 

oocyte maturation (meiosis I), fertilization (meiosis II), reprogramming to totipotency, 

the first mitotic embryo cleavage, and EGA1,2 (Figure 1A). Although this period of 

transcriptional silence in development is highly conserved from worms to humans,1–3 the 

molecular mechanisms required to orchestrate gene expression across this transition remain 

poorly understood, particularly in mammals.

One post-transcriptional mechanism known to play a critical role during the OET 

involves regulation of mRNA polyadenosine (poly(A)) tail length in the cytoplasm to 

control translation.4 The poly(A) tail activates mRNA translation through binding by 
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poly(A) binding protein (PABP), which, together with cap binding proteins, acts to 

recruit ribosomes and facilitate translation initiation.5 Discoveries in Xenopus more than 

30 years ago demonstrated that “dormant” oocyte (maternal) mRNAs are deadenylated 

in the cytoplasm, stored in an unusually stable state with short poly(A) tails in the 

growing oocyte, and activated for translation later during the OET by cytoplasmic 

polyadenylation.6–10 Many other studies over the last 30 years have established a highly 

conserved role for cytoplasmic polyadenylation in the activation of gene expression during 

the OET. Cytoplasmic deadenylation plays a similarly critical regulatory role in gene 

repression.11,12 Deadenylation and short poly(A) tails can trigger rapid decay,13,14 and 

waves of deadenylation and decay in the maturing oocyte and early embryo eliminate the 

majority of maternal mRNA before major EGA.1,15–17 However, unlike in somatic cells, 

early studies posited that deadenylation can also occur uncoupled from decay during oocyte 

maturation18–20 but were unable to determine the specific mRNAs involved or explore the 

biological role of this uncoupling.

Gene-specific regulation of mRNA poly(A) tail length across the OET is orchestrated by 

RNA binding proteins (RBPs) and other RNA-regulatory factors. A growing number of 

sequence motifs within 3′ untranslated regions (UTRs) have been identified and are known 

to be bound by specific RBPs to regulate polyadenylation, deadenylation, and stability.6,21–

24 The motif and RBP most well studied during the OET is the cytoplasmic polyadenylation 

element (CPE) and CPE binding protein 1 (CPEB1), which play critical roles in the 

deadenylation and storage of maternal mRNAs during oocyte growth and in mediating 

cytoplasmic polyadenylation during oocyte maturation.6,25,26 However, CPEB1 becomes 

undetectable after fertilization,24 suggesting that other regulatory pathways are important in 

the embryo. While elegant studies have examined 3′ UTR sequence motifs associated with 

mRNA stability across the OET in zebrafish27,28 or with mRNA translation specifically in 

the oocyte in Xenopus29 or mice,24,30,31 analyses of the transcriptome-wide landscape of 3′ 
UTR motifs associated with poly(A) tail regulation across the OET in mammals have not 

been possible.

While many developmental events across the OET are highly evolutionarily conserved, 

the specific factors and pathways that regulate these processes are much less conserved 

between organisms.32–42 Previous studies in mice have been limited to single genes or a 

limited number of developmental stages due to the relatively small number of oocytes and 

embryos available for analysis.20,24,26,43–49 Within the past decade, approaches to capture 

and accurately determine the length of the homopolymeric poly(A) tail transcriptome wide 

have been developed and used to examine maternal mRNA tail dynamics across the OET 

in frogs, zebrafish, and flies.29,50–52 More recently, long-read sequencing protocols, which 

can sequence even very long poly(A) tails with isoform-level resolution, have emerged,53–57 

including sensitive approaches that allow tail length determination in the small number of 

oocytes and embryos that can be obtained in mammals, including humans.58–61 Parallel 

advances in ribosome profiling allow investigation of the coupling between poly(A) 

tail regulation and ribosome association.24,26,51,62–64 However, the transcriptome-wide 

landscape of mRNA poly(A) tail lengths across the entire OET in mice—and how changes 

in poly(A) tails affect translational efficiency across the OET in any mammal—has remained 

unclear.
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Here, we leverage a recently developed Nanopore PCR-cDNA long-read sequencing 

approach to determine and compare poly(A) tail lengths and mRNA abundance 

transcriptome wide across five stages of the OET in mice. Incorporating these data 

with recently published ribosome profiling data,62 we provide an integrated, transcriptome-

wide analysis of the relationship between mRNA poly(A) tail length and translational 

efficiency across the entire OET. Our findings uncover global, gene-specific, and isoform-

specific patterns in tail length dynamics driving gene expression regulation and provide an 

unprecedented view of gene expression and the mechanisms by which it is regulated across 

the mammalian OET.

RESULTS

Determination of poly(A) tail lengths transcriptome wide across the mammalian OET

To determine and compare mRNA tail lengths transcriptome wide at each stage across the 

OET in a small number of cells, we leveraged a recently developed Nanopore long-read 

PCR-cDNA protocol together with a published algorithm able to determine the length of 

homopolymeric poly(A) sequences in Nanopore raw data.65 This protocol involves ligation 

of a 3′ adapter to mRNA before reverse transcription, allowing efficient capture of mRNAs 

with poly(A) tails as short as 10 nucleotides in a small number of cells (Figure S1A). 

Sequencing standards with poly(A) tails of known length demonstrated that this approach 

was accurate, reproducible, and able to distinguish differences of only 10 nucleotides (e.g., 

40 vs. 50) (Figures S1B–S1D). We obtained high genome coverage with total RNA input 

as low as 200 ng from HeLa cells, with 13,727 genes represented by polyadenylated reads 

and a gene-level mean tail length of 94 nucleotides (Figure S1E), consistent with previous 

reports.45,51,53,55

We next profiled poly(A) tail lengths transcriptome wide at five developmental stages 

spanning the OET: the fully grown germinal vesicle oocyte (GV), MII oocyte (MII), zygote 

(ZY), early 2-cell embryo (E2; before major EGA), and late 2-cell embryo (L2; after 

major EGA) (Figure 1A). At each stage, two biological replicates were sequenced with 

~400 oocytes or embryos each. We obtained an average of 12,204 genes represented by 

polyadenylated reads in both replicates at each stage and 8,490 genes represented by at 

least 10 polyadenylated reads in both replicates (Data S1). Principal-component analysis 

(PCA) showed that transcriptomes for biological replicates clustered together, whereas those 

for different stages were distinct, with the stages before (GV, MII, and ZY) and after (E2 

and L2) EGA more closely clustered, as expected (Figure S1F). Read counts for spike-in 

control RNAs66,67 correlated well with input concentrations for each stage and replicate 

(Figure S2A). Comparing poly(A) tail length, replicates also clustered together by both PCA 

(Figure S1G) and hierarchical clustering (Figure 1B). Overall, replicates demonstrated high 

correlations in both measured abundance and poly(A) tail length (Figures S2B and S2C).

Comparison across consecutive stages allowed us to determine changes in tail length during 

four developmental transitions—oocyte maturation (GV–MII), fertilization (MII–ZY), the 

first mitotic cleavage and minor EGA (ZY–E2), and major EGA (E2–L2) (Figure 1A). 

To validate our findings, we examined poly(A) tail length changes for all mRNAs shown 

previously by orthogonal approaches to be polyadenylated or deadenylated during mouse 
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oocyte maturation that we could identify.20,24,26,43,46–49,68–74 We found that 90% (9 of 10) 

of mRNAs shown previously to be polyadenylated and 93% (28 of 30) shown previously to 

be deadenylated also demonstrated significant increases and decreases in poly(A) tail length, 

respectively, in our data (Figures S3A and S3B). These data provide robust validation of this 

approach to determine and compare poly(A) tail lengths transcriptome-wide across the OET.

Poly(A) tail lengths are globally regulated in a stage-specific manner

We first compared global poly(A) tail length distributions at the gene level. Mean poly(A) 

tail lengths were longest at the GV stage, with a mean of 68 nt (Figures 1C and 1D), 

and then globally shortened from GV to MII, consistent with a known wave of mRNA 

deadenylation and decay during oocyte maturation.17,20 Unexpectedly, global tail lengths 

are significantly shortened even further in an extended wave of global deadenylation during 

fertilization. Mean poly(A) tail lengths at ZY were significantly shorter than at any other 

stage, with a mean of 28 nt and only ~5% of genes having their longest tails at ZY. Tails 

globally lengthened again from ZY to E2 and E2 to L2, with a mean length of 53 nt 

at both stages (Figures 1C and 1D), which may represent cytoplasmic polyadenylation of 

existing maternal transcripts, new transcription, or both. Tail lengthening at EGA onset is 

evolutionarily conserved,51,75 and newly transcribed mRNAs in somatic cells typically have 

longer tails relative to older cytoplasmic mRNAs.76–78 These data demonstrate that mRNA 

tail lengths across the OET are not random but are, instead, highly regulated at the global 

level in a stage-specific manner. A resource containing measured poly(A) tail lengths for all 

genes at each developmental stage is provided (Data S1).

Poly(A) tail lengths are selectively regulated at the gene-specific level

We next asked whether poly(A) tails for specific mRNAs are selectively polyadenylated or 

deadenylated against these global trends (Figures 1E and 1F). Indeed, during the extended 

wave of deadenylation from GV to ZY, approximately one-third and one-half of mRNAs 

escape the global deadenylation from GV to MII and MII to ZY, respectively, having 

tails that are significantly polyadenylated or unchanged. In contrast, from ZY to E2, while 

three-quarters of all mRNAs are significantly polyadenylated during this short, 6-h window, 

the remaining one-quarter have tails that are significantly decreased or unchanged. From 

E2 to L2, the global increase in tail length is modest. However, examination at the gene 

level reveals dynamic changes, with almost half of all mRNA tails undergoing significant 

increases or decreases, consistent with the opposing effects of maternal mRNA clearance 

and EGA at this stage. These data demonstrate that a substantial proportion of mRNAs at 

each developmental transition are protected from—and selectively regulated in a manner 

opposite to—the global waves of deadenylation and polyadenylation in the oocyte and 

embryo. Integrating these data to map the changes in poly(A) tail length across the OET 

for each mRNA within the maternal pool in the GV oocyte revealed dynamic, gene-specific 

patterns (Figure 1G), which are examined more closely below. A resource detailing stage-

specific changes in poly(A) tail length for each gene across the OET is provided (Data S1).

Polyadenylated mRNAs are enriched for stage-specific roles in development

To determine whether mRNAs selectively polyadenylated and deadenylated at each stage 

play important roles in development, we conducted Gene Ontology (GO) overrepresentation 
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analysis to identify gene sets enriched in mRNAs lengthened or shortened across each 

transition. During oocyte maturation from GV to MII, polyadenylated mRNAs were 

enriched for roles in meiosis (e.g., “sister chromatid segregation” and “cell cycle phase 

transition”), consistent with progression from prophase I to metaphase II across this 

transition. In contrast, during fertilization from MII to ZY, mRNAs with lengthened 

tails were highly enriched for roles related to epigenetic modification (e.g., “chromatin 

organization” and “histone modification”), replication (e.g., “DNA replication”), and 

translation (e.g., “regulation of translation” and “translational elongation”), consistent with 

reprogramming, preparation for mitosis, and increased protein synthesis at this stage64 

(Figure S4A).

In the early embryo, mRNAs polyadenylated from ZY to E2 were enriched for roles 

in mRNA production (e.g., “RNA splicing”), translation (e.g., “ribosome biogenesis” 

and “cytoplasmic translation”), mitosis (e.g., “mitotic cell cycle phase transition”), 

and epigenetic modification (e.g., “chromatin remodeling” and “histone modification”), 

consistent with minor EGA, mitosis, and continued chromatin reprogramming. From E2 

to L2, polyadenylated mRNAs were enriched for roles in transcription (e.g., “transcription 

initiation,” “transcription elongation,” and “RNA splicing”), translation (e.g., “cytoplasmic 

translation” and “translational initiation”), and epigenetic modification (e.g., “chromatin 

organization”), consistent with major EGA, increased translational activity, and continued 

chromatin remodeling (Figure S4A).

In contrast to polyadenylation, mRNAs significantly deadenylated across each stage 

transition were less consistently enriched for stage-specific developmental factors (Figure 

S4B). This is consistent with the possibility that deadenylation is a more global and 

less selective process. However, that genes polyadenylated at each transition were 

enriched for factors involved in important and temporally relevant pathways suggests 

that polyadenylation is a specific process and identifies these genes as candidate factors 

important for development during the OET. A resource detailing the gene sets enriched 

in mRNAs with and without significant changes in poly(A) tail length across each stage 

transition is provided (Data S2).

Poly(A) tail lengths are regulated at the transcript isoform-specific level

Taking advantage of our long-read sequencing approach, we asked whether tail lengths are 

also regulated in an isoform-specific manner. On average, almost half (49%) of the genes 

at each stage had more than one detectable isoform (Figure S5C). As observed at the gene 

level, examination of poly(A) tails at the isoform level showed that replicates also clustered 

together both by PCA (Figure S5A) and hierarchical clustering (Figure S5B), and similar 

stage-specific patterns of regulation were observed both at the global and isoform-specific 

levels (Figures S5D–S5F).

We next asked whether tail lengths for different gene isoforms are differentially regulated. 

Looking first within individual stages, a substantial number of genes had significantly 

different poly(A) tail length distributions between different isoforms (Figure 2A). The 

number and proportion of genes with differentially regulated isoforms were higher at GV, 

MII, and ZY relative to E2 and L2 and generally reflected differences in the prevalence of 
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genes with multiple isoforms (Figure S5C). Genes with multiple isoforms with significantly 

different tail length profiles at specific developmental stages included genes with well-

known roles in OET development, including Cpeb1 and Btg4 (Figure 2B; Data S1).

Looking between stages, we conservatively defined differentially regulated genes as those 

with isoform tail lengths regulated in opposite directions between consecutive stages 

(polyadenylated vs. deadenylated; STAR Methods). Despite these strict criteria, between 

105 and 610 genes (3%–12%) had differentially regulated isoforms at each stage transition 

(Figure 2C). Genes demonstrating differential isoform tail length regulation between stages 

also included maternal genes known to play critical roles in the oocyte or early embryo, 

including Brwd1, Dicer1, Hsf1, Nlrp3, and Tet3, among others (Figure 2D; Data S1). 

Complete lists of isoform-level mean poly(A) tail lengths and changes in tail length as well 

as genes with differentially regulated isoforms within and between stages are provided (Data 

S3).

Stage-specific 3′ UTR motif enrichment in polyadenylated and deadenylated mRNAs

A long-standing question is how specific subsets of maternal mRNAs are activated and 

repressed at specific stages to drive development across the OET. 3′ UTR sequence motifs 

and the RBPs that bind them play major roles in recruiting or blocking factors that regulate 

mRNA poly(A) tail length, stability, and translation.6,21–24 However, the pattern of 3′ 
UTR motifs enriched in mRNAs with regulated tails across the mammalian OET remains 

unclear. To address this gap, we integrated three publicly available databases of known RNA 

motifs79–81 and scanned the 3′ UTR sequences of mRNAs significantly polyadenylated or 

deadenylated across each stage transition for enrichment of these motifs (STAR Methods). 

The most highly enriched motifs at each stage for which a role in mRNA stability and/or 

translation regulation has been established previously are shown in Figures 3A and 3B. As 

validation, our analyses identified CPE as the most highly enriched 3′ UTR motif among 

mRNAs polyadenylated during oocyte maturation.6,25,26 Further, motifs bound by IGFBP2, 

for which knockout leads to defects in EGA and 2-cell arrest in mice,82 were specifically 

enriched among mRNAs polyadenylated between ZY and E2, just prior to major EGA. 

Among deadenylated mRNAs, AU-rich 3′ UTR motifs predicted to be bound by the RNA 

decay activator ZFP36L2, which is also required for development past the 2-cell stage,83 

were also specifically enriched from ZY to E2 (Data S4).

Motif enrichment in the 3′ UTRs of mRNAs with regulated tails was strikingly stage 

specific, particularly for polyadenylated mRNAs, with only motifs for CELF3/4/6, 

SYNCRIP/HNRNPR, SF3B4, and KHDRBS2/3 showing enrichment at more than one stage 

(Figure 3A; Data S4). Intriguingly, CPE was enriched among polyadenylated mRNAs during 

oocyte maturation, as expected, but not at any other subsequent stage, pointing to important 

roles of other motifs and RBPs in the embryo. Consistent with this idea, the most highly 

enriched motifs from GV to MII were U rich (e.g., the CPE), but those most enriched from 

MII to ZY were more C rich (Figure 3A). Stage-specific motif enrichment was also seen 

in deadenylated mRNAs (Figure 3B), and motifs enriched in polyadenylated mRNAs at one 

stage were commonly enriched in deadenylated mRNAs in the subsequent stage. A complete 

Lee et al. Page 7

Cell Rep. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



list of 3′ UTR motifs enriched among polyadenylated and deadenylated mRNAs at each 

stage transition is provided (Data S4).

Poly(A) tail length is positively coupled with translational efficiency across the OET

A key question is whether changes in poly(A) tail length drive changes in translational 

efficiency at each stage of the OET in mammals. Tail length and translational efficiency are 

coupled during the OET in Drosophila, Xenopus, and zebrafish50–52 but become uncoupled 

at variable points before gastrulation.51,52 In mammals, coupling has been demonstrated 

in mouse GV and MII oocytes;26,62 however, the relationship between tail length and 

translational efficiency during fertilization and in the early mouse embryo remains largely 

unexplored.

To determine how changes in poly(A) tail length affect translational efficiency in the 

mammalian oocyte and early embryo, we integrated our measured mRNA poly(A) tail 

lengths with published translational efficiencies measured at the same developmental 

stages.62 We found that poly(A) tail length and translational efficiency are positively 

correlated at each of the five developmental stages from GV to L2 (Figures 4A, S6A, and 

S6B). There was no clear decrease in coupling following EGA, suggesting that uncoupling 

of tail length and translational efficiency in mice occurs after L2. Changes in tail length and 

translational efficiency were also coupled across all four developmental transitions (Figures 

4B, S6C, and S6D). Of note, translational efficiency increased for the vast majority of genes 

from ZY to E2 (Figure 4B, ZY–E2), a trend examined more closely below. These data 

demonstrate that poly(A) tail length is an important determinant of translational efficiency 

across the mammalian OET.

Gene-specific uncoupling of deadenylation and decay during oocyte maturation

Consistent with early studies,18–20 our transcriptome-wide analyses demonstrated that a 

large subset of mRNAs deadenylated from GV to MII is not degraded during oocyte 

maturation but, instead, remains stable and undergoes further tail changes at subsequent 

stages (Figure 1G). To investigate the biological role of this uncoupling, we identified 

deadenylated mRNAs that are degraded versus those that escape decay by comparing 

changes in poly(A) tail length with changes in mRNA abundance. During oocyte maturation, 

we identified 6,709 mRNAs that were significantly deadenylated, of which 3,793 (57%) 

also showed a decrease in abundance. Because our approach can capture mRNAs with 

short tails, this decrease most likely represents mRNA decay (“deadenylated-decayed” 

mRNAs). In contrast, the remaining 2,916 deadenylated genes (43%) demonstrated no 

evident downregulation (Figure 5A), consistent with uncoupling of deadenylation and 

decay (“deadenylated-stable” mRNAs). As validation, we observed overall similar patterns 

of uncoupling both at the global and gene-specific levels with analysis of a published 

short-read RNA sequencing (RNA-seq) dataset despite differences expected with oligo(dT) 

priming84 (Figures S7A and S7B). Repeating these analyses for later stages revealed a 

similar pattern of deadenylated-decayed and deadenylated-stable mRNAs at each subsequent 

stage transition of the OET (Figures 5A and S7A). However, because fewer genes are 

deadenylated overall after ZY (Figures 1E and 1F) and analyses of RNA abundance at these 
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stages are confounded by EGA, we focused further analyses on mRNAs deadenylated during 

oocyte maturation.

To begin to explore the mechanism by which deadenylated-decayed and deadenylated-stable 

mRNAs are differentially regulated, we asked whether the stable subset retained longer 

poly(A) tails than the degraded subset. Indeed, at the MII stage, mean tail lengths for 

deadenylated-stable mRNAs were significantly longer (Figure S7C). However, tail lengths 

for both groups were relatively short, and the magnitude of the difference was small, with a 

mean of 30 nt in the stable subset compared to 22 nucleotides in the degraded subset. That 

the mean tail lengths hover just above and below the predicted binding foot-print for a single 

cytoplasmic poly(A) binding protein (PABP) (estimated to be 27 nucleotides in mammals85) 

for the stable and degraded subsets, respectively, suggests that deadenylation past the length 

required for a single PABP to bind might play a critical role in determining mRNA fate. This 

idea is consistent with findings in somatic cells, where mRNAs with tails of ~25 nucleotides 

or less are destabilized when PABPC levels are reduced but in seeming contrast to findings 

in Xenopus oocytes, where PABPC does not contribute significantly to mRNA stability.86 

These findings suggest that small differences in poly(A) tail length might play an important 

role in determining mRNA stability in the mammalian oocyte.

We next investigated the biological processes in which the deadenylated-decayed versus 

deadenylated-stable gene subsets are involved to gain insight into the potential role for 

deadenylation-decay uncoupling. Genes for mRNAs deadenylated-stable during oocyte 

maturation were enriched for factors important for development in the zygote and later 

embryo stages, including those with roles in replication, transcription, and reprogramming 

(Figure S7D). In contrast, deadenylated-decayed mRNAs were involved in processes known 

to be downregulated during oocyte maturation87 (Figure S7E). This specificity suggests that 

stabilization of deadenylated mRNAs during oocyte maturation is a selective process and 

that deadenylated-stable mRNAs may be retained for translational activation in the early 

embryo. A resource delineating the subsets of mRNAs deadenylated with or without decay 

at each stage transition is provided (Data S1).

Deadenylation primes global polyadenylation and translational activation before EGA

We next determined the fate of these deadenylated-stable mRNAs after oocyte maturation 

at the next developmental stage—in the ZY. We found that 2,493 of 2,916 (85%) of these 

genes remained stable during fertilization from MII to ZY (Figure 5B, MII>ZY), and 

that 546 (22%) showed tail lengthening again during this transition (Figures 5C and 5D, 

MII>ZY). This tail lengthening almost certainly represents readenylation for the majority 

of these maternal mRNAs because new transcription in the ZY is low, and only 118 (22%) 

overlap with a list of >4,000 previously predicted minor EGA genes.88 In the context of 

global deadenylation (Figures 1E and 1F), these readenylated mRNAs represent one-quarter 

(26%) of all genes polyadenylated from MII to ZY. These readenylated genes were enriched 

for factors involved in important processes for early embryo development, including DNA 

replication, transcriptional reactivation, mitosis, reprogramming, and translation64,89 (Figure 

5E). Integration with published ribosome profiling data62 revealed that the vast majority of 

these readenylated mRNAs (75%) were associated with ribosomes at ZY, and almost half 
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(44%) of these genes demonstrated an increase in translational efficiency between MII and 

ZY (Figure 5G, MII>ZY).

Because a large proportion of genes that were deadenylated-stable during oocyte maturation 

remained stable through fertilization (2,493 genes; Figure 5B, MII>ZY), we also 

investigated the fate of these genes at the next developmental transition—from ZY to E2

—and found that 2,107 (85%) remain stable during this transition (Figure 5B, ZY>E2). 

Strikingly, 1,788 (85%) of these mRNAs have tails that are significantly lengthened during 

this transition (Figures 5C and 5D, ZY>E2). Again, this tail lengthening likely represents 

readenylation of maternal mRNAs because only 20% overlap with predicted minor EGA 

genes.88 The vast majority of these readenylated mRNAs are also associated with ribosomes 

at the E2 stage (89%) and demonstrate increased translational efficiency between ZY and E2 

(77%) (Figure 5G, ZY>E2). These genes are enriched for factors with important roles in the 

early embryo, including mRNA processing, histone modification, and cell division (Figure 

5F).

That maternal mRNAs readenylated and translationally activated from ZY to E2 are 

enriched for factors with important roles in the early embryo suggests a selective process. 

However, readenylation of these mRNAs coincides with a global wave of polyadenylation 

we detected during this short, 6-h developmental window in which poly(A) tails for 

almost 75% of mRNAs (8,196 genes) are significantly lengthened (Figures 1E–1G), 

suggesting the presence of a more non-specific polyadenylation mechanism from ZY to 

E2. Only 22% of this large population of mRNAs overlap with predicted minor EGA 

genes,88 and only 10% overlap with predicted major EGA genes,64 suggesting that the 

majority represent readenylation of stored maternal mRNAs. Most notably, 81% of these 

readenylated mRNAs (6,623 genes) were detectable in ribosomes at the E2 stage, and, of 

those, 73% (4,518 of 6,178 genes with measurable translational efficiency) demonstrated 

increased translational efficiency between ZY and E2 (Figure 5H), consistent with the global 

increase in translational efficiency at this specific stage noted above (Figure 4B, ZY>E2). 

While global polyadenylation in the early human embryo has recently been reported,61 

the scope, timing, and synchronicity of this global wave of polyadenylation—as well as 

the resulting surge in global translational activation captured just prior to major EGA—

were unexpected. Together, these results support a model in which thousands of maternal 

mRNAs are deadenylated and selectively stabilized from GV to MII and readenylated and 

translationally activated from MII to ZY and, even more markedly, during the wave of global 

polyadenylation from ZY to E2 before the onset of major EGA.

Resistance to global deadenylation activates translation without polyadenylation

Closer examination of the relationship between tail length and translation at each stage 

revealed stage-specific differences. Most strikingly, for any given level of translational 

efficiency, mRNAs at ZY were able to achieve the same level of translational efficiency 

with significantly shorter poly(A) tails (Figure 6A) and become translationally activated 

with significantly smaller increases in poly(A) tail length relative to other stages (Figure 

S8A). These findings suggested that the tail length of an mRNA relative to the global 

pool of mRNAs at a given stage is a greater determinant of translational efficiency than 
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its absolute poly(A) tail length. To further investigate this possibility, we examined change 

in tail length and change in translational efficiency at each stage more closely and found 

that most mRNAs demonstrated coordinated increases or decreases in both tail length and 

translational efficiency, as expected (Figure 4B). However, during fertilization, the global 

trend line was visibly shifted toward the upper left quadrant (Figure 4B, MII–ZY), pointing 

again to a unique relationship between tail length and translational efficiency at ZY and to a 

subset of mRNAs with increased translational efficiency despite decreased tail length.

To quantify the scope and stage specificity of this population of mRNAs with an 

inverse tail length-translational efficiency relationship, we independently examined mRNAs 

translationally activated and mRNAs deadenylated across each developmental transition. 

Indeed, mRNAs that were translationally activated but deadenylated (“deadenylated-

activated” mRNAs) were identified during both oocyte maturation and fertilization—the 

transitions marked by global deadenylation—but most pronounced from MII to ZY (Figure 

6B). In fact, between MII and ZY, 60% of mRNAs with increased translational efficiency 

demonstrated no accompanying increase in poly(A) tail length. Similarly, examination 

of all mRNAs deadenylated during each transition revealed mRNAs with a paradoxical 

increase in translational efficiency from GV to MII and from MII to ZY (Figure 6C). 

This trend, again, was most prominent from MII to ZY, during which almost 50% of 

deadenylated mRNAs also showed increased translational efficiency. Deadenylated-activated 

mRNAs from GV to MII were enriched for factors that reflect the switch to mitosis 

after fertilization (e.g., “mitotic cell cycle phase transition” and “mitotic sister chromatid 

segregation”) and, from MII to ZY, for factors involved in transcription and DNA replication 

in the early embryo (e.g., “RNA splicing” and “regulation of DNA repair”) (Figure S8B). 

In contrast, deadenylated genes with decreased translational efficiency (“deadenylated-

repressed” mRNAs) from GV to MII were enriched for genes involved in processes known 

to be downregulated during oocyte maturation (e.g., “cellular respiration” and “cytoplasmic 

translation”) and, from MII to ZY, for genes no longer needed after fertilization (e.g., “egg 

activation” and “regulation of fertilization”) (Figure S8C). This specificity suggests that 

translational activation of this subset of deadenylated mRNAs is a selective and regulated 

process.

To explore the mechanism underlying this inverse tail length-translation relationship, 

we next compared tail length dynamics for deadenylated-activated versus deadenylated-

repressed mRNAs. Interestingly, deadenylated-activated mRNAs from GV to MII and 

MII to ZY began each transition with significantly shorter tails on average relative to 

deadenylated-repressed mRNAs but ended each transition with longer tails (Figure 6D). 

Although longer than tails for deadenylated-repressed genes, poly(A) tails for deadenylated-

activated genes were still relatively short, with mean tail lengths of ~45 nt. These findings 

suggested that deadenylated-activated mRNAs—despite an overall decrease in tail length—

retained longer tails relative to deadenylated-repressed mRNAs through relative protection 

from global deadenylation. Consistent with this mechanism, deadenylated-activated mRNAs 

during global deadenylation were highly enriched among those with the smallest decreases 

in tail length (Figure 6E) and, compared with deadenylated-repressed mRNAs, showed 

smaller decreases in absolute tail length (Figure 6F). We further quantified the poly(A) 

tail length rank order by calculating each gene’s mean tail length relative to the global 
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mean at each stage (“relative tail length”; STAR Methods). This comparison showed that 

deadenylated-activated mRNAs also had smaller decreases in relative tail length compared 

with deadenylated-repressed mRNAs (Figure 6G). In fact, the average change in relative 

tail length for deadenylated-activated mRNAs was near zero, with a substantial subset of 

deadenylated-activated genes having an overall increase in relative tail length at both stage 

transitions. In contrast, deadenylation does not appear to be a significant mechanism for 

translational activation after the ZY stage, pointing to a unique and transient shift in the 

translational regulatory regime in the late oocyte and early embryo. Together, these data 

support a mechanism where maternal mRNAs can be translationally activated—not by 

cytoplasmic polyadenylation—but by relative protection from the extended wave of global 

deadenylation during the early mammalian OET.

Poly(A) tail and translational efficiency dynamics for maternal effect genes

In our analyses of all genes, we identified multiple mechanisms by which changes in tail 

length regulate mRNA translation and stability. To examine the potential importance of these 

mechanisms in development across the OET, we asked whether mRNAs encoding 51 known 

maternal effect genes (MEGs), maternal genes known to play critical roles in development 

during the OET90–92 demonstrate tail length dynamics consistent with regulation by these 

mechanisms. Overall, poly(A) tail lengths and change in tail length for this set of MEGs 

demonstrated the same global, gene-specific, and isoform-specific trends observed for all 

genes (Figures 2C–2F, 7A–7C, S9A–S9C, and S10D). Two notable differences were that 

MEG mRNAs were (1) more likely to be polyadenylated between GV and E2 relative to the 

rest of the transcriptome (Figures 7D and S10E) and (2) twice as likely to be deadenylated 

from E2 to L2 compared with all genes (Figures 7D and S10F).

First, similar to our findings for all genes, a subset of MEGs demonstrated selective, stage-

specific cytoplasmic polyadenylation amid the waves of global deadenylation from GV to 

MII and from MII to ZY (Figures S9B and S9C). Among MEGs with increases in both tail 

length and translational efficiency from GV to MII are the polycomb group protein Ezh2, 

critical for proper H3K9 and H3K27 methylation in the ZY,93 and Tet3, which is required 

for demethylation of the paternal genome following fertilization94 (Figure 7E). Additional 

examples are provided (Figure S10A).

Another subset of MEGs followed a second regulatory mechanism we observed in our 

analyses of all genes, with deadenylation without decay during oocyte maturation and 

readenylation from MII to ZY or, more prominently, from ZY to E2 (Figures 5C and 5D). 

In fact, MEGs are enriched among deadenylated-stable mRNAs during oocyte maturation 

compared with all genes (61% of MEGs vs. 43% of all genes) and among genes 

readenylated from MII to ZY (36% for MEGs vs. 23% for all genes), with no overlap 

with predicted minor EGA genes.88 Examples include Bcas2, which is important for DNA 

repair in zygotes and development past the 2- to 4-cell embryo stage,95 and Sebox, which is 

also required for development past the 2-cell stage96,97 (Figures 7E and S10B). Additional 

examples are provided (Figure S10B).

The vast majority of MEGs deadenylated-stable during oocyte maturation are significantly 

readenylated between ZY and E2 (19 of 21) (Figures S9B and S9C), consistent with an 
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important role of the surge of polyadenylation and translational activation observed for all 

genes during this short stage transition (Figures 1E–1G and 4B). Only 2 of these MEGs 

(Ctcf and Gclm) overlap with a list of >4,000 predicted minor EGA genes88 and none 

overlap with >2,500 predicted major EGA genes,64 suggesting that these increases in tail 

length predominantly represent readenylation of maternal transcripts. Examples of MEGs 

that are deadenylated-stable during oocyte maturation and readenylated from ZY to E2 

include Nlrp5 (also known as Mater), a critical component of the subcortical maternal 

complex (SCMC) required for development past the 2-cell stage,98,99 and Pms2, important 

in DNA mismatch repair in the early embryo100 (Figures 7E and S10B). Additional 

examples are provided (Figure S10B).

Finally, an additional subset of MEGs is translationally activated despite tail shortening 

during the global waves of deadenylation from GV to MII and MII to ZY (Figures 7B 

and 7E). As for all genes, this phenomenon was most pronounced from MII to ZY (with 

translational activation of 21% of deadenylated MEGs from GV to MII vs. 44% from MII 

to ZY). These deadenylated-activated MEGs demonstrate smaller decreases in both absolute 

and relative tail length compared with deadenylated-repressed MEGs during both oocyte 

maturation and fertilization, although the statistical power was limited given the small 

number of genes (Figures S9D and S9E). Examples of MEGs regulated by this noncanonical 

method include Rlim, a ubiquitin ligase required for imprinted X chromosome inactivation 

in mouse embryos, and Zar1, an RBP required for proper division from 1-cell to 2-cell 

embryo stages (Figures 7E and S10C). Additional examples are provided (Figures 7E and 

S10C; see also Rnf1, Spin1, and Trim28 in Figure S10A). A resource detailing poly(A) tail 

length and translational efficiency dynamics for known MEGs90–92 is provided (Data S1).

DISCUSSION

Although the link between maternal mRNA poly(A) tail length and translation during 

the OET was recognized more than 30 years ago,6 the transcriptome-wide landscape of 

poly(A) tail lengths across the OET in mice and how changes in tail length affect translation 

across the entire OET in any mammal have remained unclear. Here, we determine mRNA 

poly(A) tail lengths at five stages across the mouse OET and integrate these data with 

published ribosome profiling data62 to provide a transcriptome-wide analysis of poly(A) 

tail length and translational efficiency dynamics across the OET in a mammalian system. 

The Nanopore PCR-cDNA approach used in this study is a significant advance compared to 

earlier approaches because it allowed us to capture and sequence mRNAs with tails as short 

as 10 nucleotides and to do so with good genome coverage in a small number of cells. In 

addition, the long-read approach allows isoform-level resolution and sequencing of long tails 

not possible with short-read sequencing. These integrated data provide an unprecedented 

view of gene expression regulation across the OET, where changes in expression occur in 

large part without changes in RNA abundance.

One surprise finding in this study was the extended wave of global tail shortening from 

MII to ZY (Figures 1C and 1D). During oocyte maturation and fertilization, our analyses 

suggest a stage-specific role of global deadenylation in the translational activation of specific 

subsets of maternal mRNAs with short tails through a noncanonical mechanism without 
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cytoplasmic polyadenylation. In fact, we found that more than half of mRNAs translationally 

activated during fertilization from MII to ZY have tails that are significantly deadenylated or 

unchanged (Figure 6B). With respect to mechanism, our findings suggest that these maternal 

mRNAs are translationally activated because they resist the more extensive deadenylation 

experienced by the rest of the maternal mRNA pool during global deadenylation. In this 

model, this extended wave of global deadenylation both (1) remodels the rank order of 

mRNA tail lengths and (2) lowers the minimum tail length required to achieve a certain level 

of translational efficiency so that short-tailed mRNAs can be efficiently translated in the MII 

oocyte and zygote.

This extended wave of global deadenylation from GV to ZY also broadly primes maternal 

mRNAs for readenylation and translational activation in the embryo. This wave of mRNA 

activation is most striking during the first embryo cleavage from ZY to E2, during which 

the vast majority of mRNAs deadenylated during oocyte maturation without decay are 

both readenylated and translationally activated during this short, 6-h developmental window 

(Figures 5C, 5D, and 5G, ZY>E2). The mechanism and developmental impact of this 

global wave of maternal gene activation immediately preceding major EGA are important 

unanswered questions.

Previous studies have been mixed as to the requirement of polyadenylation for translational 

activation during the OET. In Xenopus oocytes, early studies showed that the act of 

polyadenylation itself is important for translational activation even in the presence of a 

long poly(A) tail,101,102 while other studies suggested that the presence of a long tail is 

sufficient.103–105 During Drosophila egg activation, inhibition of a global polyadenylation 

wave by knockout of the cytoplasmic poly(A) polymerase Wispy did not decrease the 

correlation between poly(A) tail length and translational efficiency.52 These findings 

further demonstrated that polyadenylation itself is not required to establish differences in 

translational efficiency among mRNAs but that these differences can also be established 

via deadenylation of select transcripts. However, the precise role of deadenylation in 

defining the subset of mRNAs translationally activated in normal development was 

not clear because the knockout eggs were not competent to complete meiosis without 

cytoplasmic polyadenylation. In this study, we demonstrate—in wild-type cells—that the 

rank order of mRNA tail lengths and translational efficiency during the early mouse 

OET is largely defined by global deadenylation, with translational activation of select 

mRNAs demonstrating relative resistance to this deadenylation wave. Identifying the RNA-

regulatory factors that function to activate translation during the OET—not by mediating 

polyadenylation but through relative protection from global deadenylation—will be an 

important future avenue of research.

Why might the translational efficiency of short-tailed mRNAs be higher in the zygote 

relative to other developmental stages? One potential reason is that, by significantly reducing 

the population of mRNAs with long tails during the extended wave of global deadenylation, 

mRNAs with short tails might better compete for a translation factor of limited abundance 

at these stages, such as PABP or ribosomes. In fact, it has been shown that PABP is present 

at limiting levels in Xenopus oocytes and that PABP abundance contributes to coupling and 
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uncoupling of tail length and translational efficiency.86 Whether PABP levels are similarly 

limiting in mouse oocytes or embryos is unclear.

Identification of the specific mRNAs activated and repressed at each transition provides 

the opportunity to identify candidate factors driving early mammalian development and to 

uncover the post-transcriptional mechanisms that control their expression. With respect to 

factors in RNA regulation, we identify RBP motifs enriched among mRNAs selectively 

polyadenylated and deadenylated at each stage, uncovering candidate regulators of poly(A) 

tail length to drive future mechanistic studies. In addition, that mRNAs for many factors 

with known roles in OET development show differential, stage-specific isoform regulation 

raises questions as to how this regulation affects the expression and activity of these 

key developmental factors. With respect to development, we show that genes selectively 

activated at each stage are enriched for factors known to play key roles in important and 

temporally relevant developmental processes. As further validation, even within the small 

group of known MEGs, we find multiple examples of mRNAs with patterns of regulation 

consistent with each of the mechanisms observed in this study. A better understanding of the 

mechanisms that regulate expression of these genes is essential because these are candidates 

for factors important for female fertility.90–92

Together, our findings demonstrate the presence of an extended wave of global 

deadenylation that sets up a switch in translation control across the transition from 

oocyte to embryo. Maternal mRNA tail length and translational efficiency are dynamically 

ordered by global deadenylation and resistance to deadenylation in the oocyte and by 

broad readenylation of deadenylated-stable maternal mRNAs during a global wave of 

polyadenylation and translational activation in the embryo before major EGA. These 

divergent mechanisms in the oocyte and embryo support a model where the tail length of an 

mRNA relative to other mRNAs at a given stage is a greater determinant of translational 

efficiency than absolute poly(A) tail length or cytoplasmic polyadenylation itself. The 

datasets provided here offer a rich resource and insight into the complex post-transcriptional 

mechanisms by which cytoplasmic polyadenylation and deadenylation order and reorder the 

landscape of poly(A) tails to drive gene expression during the earliest stages of mammalian 

development.

Limitations of the study

Limitations of the approach used in this study include the inability to capture mRNAs with 

tails <10 nt. Therefore, it is possible that the true incidence of deadenylated and readenylated 

mRNAs is even higher than observed here and/or that the true mean tail length is shorter 

than the measurements in this study. Consistent with this possibility, it was shown during the 

completion of this study that maternal mRNAs can be partially degraded and readenylated 

after fertilization with exceptionally short tails.61,106 However, the biological role of these 

mRNAs is unclear, and the polyadenylated mRNAs evaluated in this study and in the 

ribosome profiling analyses with which it is integrated62 are expected to capture the poly(A) 

tail landscape that controls translation across the OET. We also observed a modest decline 

in measurement accuracy with increasing tail length (Figures S1B–S1D), which has been 

seen by others using similar approaches and is likely attributable to technical limitations 
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in homopolymeric measurement53,107 and PCR amplification. However, while we report 

absolute tail lengths, our analyses focused on comparisons of tail length, where we were 

able to reliably detect differences of only 10 nucleotides (Figures S1B–S1D) and to validate 

>90% of changes previously observed using orthogonal approaches (Figure S3). During the 

completion of this study, another long-read approach, PAIso-seq2, was developed, which 

can capture mRNAs with no tails or tails with non-adenosine residues and can be used 

in single cells.57 For comparison, other short-read (including PAL-Seq,51 TAIL-Seq,45 and 

mTAIL-Seq50) and long-read (including FLAM-Seq,55 Nanopore direct RNA sequencing,54 

Nano3P-Seq,53 PAIso-seq156) approaches either have insufficient genome coverage for use 

in a small number of cells45,50,51,53,54 or require longer tails for capture,55 although each has 

its own advantages to address different biological questions.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Heidi Cook-Andersen 

(hcookandersen@health.ucsd.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• The Nanopore PCR-cDNA sequencing data associated with this study have 

been deposited at GEO and are publicly available as of the date of publication. 

Accession numbers are listed in the key resources table. This paper also analyzes 

existing, publicly available data and these accession numbers for the datasets are 

listed in the key resources table. Additional data tables, including a summary 

of sequencing runs, gene-level poly(A) tail lengths at each stage, gene-level 

changes in poly(A) tail length at each stage transition, gene ontologies enriched 

in genes with poly(A) tail lengthening or shortening at each stage transition, 

isoform-level poly(A) tail lengths at each stage, isoform-level changes in poly(A) 

tail length at each stage transition, isoform-specific poly(A) tail length regulation 

both within and between stages, 3′ UTR sequence motifs enriched in mRNAs 

polyadenylated or deadenylated at each stage transition, lists of deadenylated-

decayed vs. -stable genes at each stage transition, and poly(A) tail lengths and 

translational efficiencies for maternal effect genes at each stage are available in 

Data S1–S4.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Isolation of mouse oocytes and embryos—Mouse oocytes were isolated from 

C57B/6J female mice. For GV oocytes, 4-week old females were stimulated by 
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intraperitoneal injection of 5 IU pregnant mare serum gonadotropin (PMSG; Lee 

BioSolutions, 493-10), ovaries were harvested 48 h after PMSG injection, and denuded 

oocytes collected after brief digestion with trypsin (Thermo Fisher Scientific, 25200114), 

collagenase (Sigma-Aldrich, C9407), and DNAse in M2 media (Sigma-Aldrich, M7167). 

For MII oocytes, mice were injected with 5 IU HCG (Sigma-Aldrich, C1063) 48 h after 

PMSG induction and ovulated MII oocytes collected from the ampulla 15 h post-HCG and 

cumulus cells were removed by brief hyaluronidase (Sigma-Aldrich, H4272) digestion per 

standard protocol.

Mouse embryos were isolated from B6D2F1/J female mice mated with C57B/6J males of 

known fertility at the time of hCG injection. 1-cell, early 2-cell, and late 2-cell embryos 

were collected at 27–28, 30–32, and 46–48 h post-HCG. All mice were maintained in 

agreement with protocols approved by the Institutional Animal Care and Use Committee at 

the University of California, San Diego.

Maintenance of HeLa cells—HeLa cells (ATCC) were grown in DMEM (Thermo Fisher 

Scientific) supplemented with 10% FBS (Cytiva) and 1% Penicillin/Streptomycin (Thermo 

Fisher Scientific), and were split using 0.25% Trypsin-EDTA (Thermo Fisher Scientific) 

approximately every two days, when cells reached 80% confluence. RNA was isolated 

from cells once they reached approximately 80% confluence, as described in method details 

below.

METHOD DETAILS

RNA isolation—Total RNA was isolated from HeLa cells or ~400 oocytes or embryos 

for each stage and replicate using Trizol reagent (Thermo Fisher Scientific, 15-596-018), 

followed by ethanol precipitation and RNA Clean & Concentrator-5 kit (Zymo Research, 

R1014) as per manufacturer’s protocol. RNA was eluted in 7 µl nuclease-free water and used 

immediately for Nanopore PCR-cDNA sequencing library prep.

Design of polyadenylated standards—DNA standards with the following sequences 

were obtained from IDT:

pA_standard_10:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTACCAACGGCGACGA

ATAGTAGTTTACTTCCTCCCTGCGGGCCCCTCCTGAAGTGCCACCTATACGGCTTG

TTGAAGCCGATTAGTACAATAGATTTATTCAACCCCAAAGGTCTACACTCCCGGCT

TACTCTTAGCTGATATGTCGCGCAATATCAGCACCAACAGAAA.

pA_standard_40:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTCGGCAAAGAGACAATTATAGCGGCTAGGAACGCAACTAGTT

ATAACGAACGGCCTCGAATAGTAGAAAATATCCCTCCTCCGGGCACCTCCTGAAAT

GCCACATATTCGGGTTATTGGCAATATCAGCACCAACAGAAA.

pA_standard_50:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTAGAGAGCCAGCAACAATTGCAAATGTCAGATC

AAAGTAATATTAGCAAACAATAAGTCCCTAACTAGTTGTGACCTTTTGTAAAGTGA

ATTTCATTATATATGCTGTGCAATATCAGCACCAACAGAAA.
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pA_standard_70:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCAACGGGGAGCC

GAGATTATTGAGTGATCACCAGTAGCTGTACTATTATATAAGCTATTAAAGATTGATC

AAAGTAAACATACCGCGCAATATCAGCACCAACAGAAA.

pA_standard_100:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTCCCAAGCGAAAACGGGTGCGTGGACTAGCGAGGAGCAAA

CGAAAATTCTTGGCCTGCGCAATATCAGCACCAACAGAAA.

pA_standard_130:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGGAGGCAATTCT

ATAAGAATGCATACGCAATATCAGCACCAACAGAAA.

pA_standard_150:  CTTGCCTGTCGCTCTATCTTCTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTCGAGCACGCAATATCAGCACCAACAGAAA.

Nanopore PCR-cDNA sequencing library prep—For Nanopore PCR-cDNA 

sequencing of mouse oocytes and embryos, approximately 400 oocytes or embryos per 

biological replicate per stage were used per sequencing run. An identical amount of ERCC 

spike-in standards67 (6.5 pg) per cell was added to samples at the beginning of RNA 

extraction. For sequencing of HeLa, 200 ng of total RNA input was used. Nanopore 

PCR-cDNA sequencing (PCS) was performed with an early access PCR-cDNA Sequencing 

Kit (SQK-PCS110) as per manufacturer’s protocol (Figure S1A). This kit is most similar 

to the currently available cDNA-PCR Sequencing Kit (SQK-PCS114). Briefly, ligation of 

Nanopore’s proprietary cDNA-RT adapter (CRTA) to the 3′ end of polyadenylated mRNAs 

enriched for transcripts with a minimum poly(A) tail length of 10 nt. Following enzymatic 

digestion of the adapter, RT with strand switching was performed, followed by selection 

of full-length transcripts by PCR amplification for 18 cycles. Sequencing adapters were 

then attached, followed by loading of the library onto an R9.4.1 flow cell (FLO-MIN106D) 

and sequenced in a Minion sequencing device with Minknow software (version 22.05.5). 

Libraries comprised of polyadenylated DNA standards were prepared by PCR amplification 

of the above DNA standards using the following barcoded PCR primers from the Nanopore 

PCR-cDNA Barcoding Kit (SQK-PCB109), followed by attachment of sequencing adapters 

from the SQK-PCS110 kit and sequencing on the Minion as per the SQK-PCS110 protocol: 

pA_standard_10: BC01, pA_standard_40: BC02, pA_standard_50: BC03, pA_standard_70: 

BC04, pA_standard_100: BC05, pA_standard_130: BC06, and pA_standard_150: BC07.

Data processing—Raw fast5 files were basecalled with Guppy (version 6.0.6) using 

following parameters: –config dna_r9.4.1_450bps_hac.cfg –fast5_out –trim_strategy none 

–records_per_fastq 0 –device cuda:all:100% –recursive. For barcoded libraries comprised 

of polyadenylated DNA standards, the following additional Guppy parameter was used for 

demultiplexing: –barcode_kits SQK-PCB109. Full length reads with all adapter sequences 
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(from the CRTA, PCR primers, and sequencing adapter) were filtered by Pychopper (version 

2.5.0) with following parameters: -k PCS110. Only full-length reads with a minimum 

basecalling Q-value score of 9 and all adapter sequences were retained for further analysis. 

Reads were mapped to the GRCm38 mouse transcriptome with minimap2108 (version 2.17) 

using the following parameters: -a -x map-ont. Reads per transcript were quantified with 

Salmon (version 0.14.1) using the following parameters: salmon quant -l A –noErrorModel.

Tail length measurements and comparisons—Poly(A) tail lengths were measured 

using the find_tails and annotate_tails functions from tailfindr65 (version 1.3) with default 

parameters. Since tail length measurements correlated highly between biological replicates 

of the same stage (Figure S2C), polyadenylated reads from the same stage were combined 

for further analyses. Stage-specific gene/isoform-level poly(A) tail lengths were estimated 

as the geometric mean of all polyadenylated reads detected for each gene/isoform at 

each individual stage. For consecutive stage comparisons at the gene/isoform-level, genes/

isoforms were filtered by a minimum number of 10 polyadenylated reads in each of the 

stages compared and change in poly(A) tail length was tested by one-sided Wilcoxon tests. 

Significant changes in tail length were defined by a maximum Benjamini-Hochberg adjusted 

p value cutoff of 0.05.

PCA and hierarchical clustering—Unsupervised hierarchical clustering of stages and 

biological replicates by poly(A) tail length was performed in R (version 4.1.2) with 

the pheatmap function from the pheatmap package (version 1.0.12) and the following 

parameters: scale = “row”, show_rownames = F. Principal component analysis (PCA) by 

poly(A) tail length was performed using the prcomp function in the stats package (version 

4.1.2) and the following parameters: scale = T. PCA by gene expression was performed 

using the plotPCA function in DESeq2110 (version 1.34.0) and default parameters.

Gene ontology overrepresentation analyses—Gene ontology overrepresentation 

analysis was performed with the enrichGO function from the Bioconductor package 

clusterProfiler112 (version 4.2.2) using gene ontology biological process annotations and 

the following parameters: OrgDb = org.Mm.eg. db::org.Mm.eg.db, ont = “BP”, keyType 

= “ENSEMBL”. Significantly enriched gene ontologies were determined by a Benjamini-

Hochberg adjusted p value cutoff of <0.05.

Isoform-specific analyses—For analyses of isoform-specific poly(A) tail length 

regulation within individual developmental stages, isoforms were filtered by a minimum 

number of 10 polyadenylated reads within each stage, poly(A) length distributions of 

different isoforms of the same gene were compared by Kruskal-Wallis tests, and genes with 

differentially regulated isoforms were defined as those with significantly different tail length 

distributions between different detected isoforms (Benjamini-Hochberg adjusted p value 

<0.05). For analyses of isoform-specific poly(A) tail length regulation between consecutive 

developmental stages, to exclude isoforms that did not pass the significance cutoff for 

change in tail length (Benjamini-Hochberg adjusted p value <0.05), genes with differential 

isoform regulation of poly(A) tail length were defined as genes with isoforms regulated in 
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opposite directions (≥1 isoforms with significantly lengthened tails and ≥1 isoforms with 

significantly shortened tails).

Motif enrichment analyses—We integrated three publicly available databases 

(ATtRACT,80 CISBP-RNA,79 and oRNAment81) of known RNA sequence motifs and the 

RNA binding proteins predicted to bind them. We then used AME111 (version 5.0.2) 

to search for motifs significantly enriched in the 3′UTR sequences of transcripts with 

significantly lengthened/shortened poly(A) tails, compared to that of transcripts with 

unchanged tail lengths, using the following parameters: –method fisher. Significantly 

enriched motifs were determined by a Bonferroni adjusted p value cutoff of <0.05.

Differential expression analysis—Read counts were normalized with ERCC spike-in 

standards by dividing read counts for each gene by the mean read count amongst ERCCs. 

Differential expression analysis was performed using the DESeq function from DESeq2110 

(version 1.34.0) with default parameters and differentially expressed genes (DEGs) were 

defined by a minimum fold change of 2x and those that did not meet this criteria were 

classified as stable. For validation of changes in RNA abundance using a previously 

published RNA-seq dataset from Zhang et al., 2016,84 DEGs in this dataset were defined by 

an adjusted p value <0.05 and those that did not meet these criteria were classified as stable.

Translational efficiency analyses—Translational efficiencies (TEs) were obtained from 

a previously published ribosome profiling and RNA-seq dataset from Xiong et al., 202262 

and TE was calculated as the ratio of ribosome profiling to RNA-seq (FPKM +1/FPKM 

+1) as per the authors. Unless otherwise indicated, for comparisons of gene-level poly(A) 

tail length and translational efficiency, genes were filtered by a minimum of 25 FPKM 

in the RNA-seq dataset and 10 polyadenylated reads in our PCS dataset. For consecutive 

stage comparisons, genes were defined as translationally activated if they had a log2(TE fold 

change) ≥ 0.25 and translationally repressed if they had a log2(TE fold change) ≤ −0.25.

Relative tail length analyses—Tail lengths relative to the stage-specific global mean 

(aka “relative tail lengths”) were calculated for each gene as follows: (TLrel)gene X = 
(TLabs)gene X - (mean TL)stage Y + 70 nt, where (TLrel)gene X is the relative tail length 

for a given gene X; (TLabs)gene X is its absolute mean tail length; and (mean TL)stage Y is the 

mean of mean tail lengths amongst all genes at stage Y. Note that all means were geometric 

means and that the scalar of 70 nt was added to avoid taking the log of negative numbers.

Definition of maternal effect and newly transcribed genes—A list of 51 maternal 

effect genes were obtained from literature review of genes with known biological roles 

in mouse oocyte/embryo development.90–92 A previously published list of 4,039 predicted 

minor EGA genes was obtained from Abe et al., 2015.88 A previously published list of 2,518 

predicted major EGA genes was obtained by reprocessing raw RNA-seq data from Zhang et 

al., 202264 and defining major EGA genes as genes upregulated in the 2-cell embryo stage 

relative to the zygote stage (FC ≥ 5, FDR <0.01, and 2-cell mean RPKM ≥1), as per the 

authors.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and software used have already been detailed in the methods sections 

above. The statistical details of all experiments, including the statistical tests used, the 

number of data points (n), statistical measures (e.g., mean, median), and inclusion criteria 

for genes/isoforms are denoted in these methods as well as in relevant figures and figure 

legends. P-values were adjusted for multiple comparisons as described in the methods 

details above and an adjusted p value of <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Transcriptome-wide poly(A) tail and translation dynamics from oocyte to 

embryo in mice

• In the oocyte, translation is activated by resistance to global deadenylation

• In the embryo, translation is driven by readenylation of stable deadenylated 

mRNAs

• Specific 3′ UTR motifs are associated with poly(A) tail regulation at each 

stage
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Figure 1. mRNA poly(A) tails are dynamically regulated across the OET at both the global and 
gene-specific levels
(A) Developmental stages and transitions profiled by Nanopore PCR-cDNA sequencing.

(B) Hierarchical clustering of developmental stages and 2 biological replicates for each stage 

by poly(A) tail length.

(C) Density plots showing global distributions of gene-level mean poly(A) tail lengths at 

each stage.

(D) Violin plots showing global distributions of gene-level mean poly(A) tail lengths at 

each stage. Pairwise two-sided Wilcoxon tests are shown for each stage transition (****p ≤ 

0.0001). Means/medians of distributions are provided.

(C and D) Only genes with ≥10 polyadenylated reads in both replicates combined were 

included.
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(E) Scatterplots showing mean poly(A) tail lengths for genes with significantly increased 

(lengthened, red), decreased (shortened, blue), or unchanged (gray) tail lengths at each stage 

transition (adjusted p < 0.05, one-sided Wilcoxon test).

(F) Number of genes in each category in (E).

(G) Sankey diagram showing changes in poly(A) tail length for maternal mRNAs across the 

OET. n, number of genes.
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Figure 2. mRNA poly(A) tails are dynamically regulated across the OET at the transcript 
isoform-specific level
(A and B) Number of genes with multiple isoforms (light teal) and, of those, number of 

genes with significantly different poly(A) tail length distributions between different isoforms 

(dark teal) at each stage, with examples of the latter shown in (B).

(C and D) Number of genes with multiple isoforms (light purple) and, of those, number of 

genes with poly(A) tail lengths for different isoforms regulated in opposite directions (dark 

purple) at each stage transition, with examples of the latter shown in (D).

(B and D) A maximum of 3 isoforms are shown, only isoforms with R10 polyadenylated 

reads were included, and pairwise two-sided Wilcoxon tests are shown (*p ≤ 0.05, ***p ≤ 

0.001, ****p ≤ 0.0001). Ensembl transcript IDs are provided in Data S1.
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Figure 3. Top 3′ UTR motifs enriched among mRNAs with regulated poly(A) tails
The most highly enriched 3′ UTRs motifs, for which a role in mRNA stability and/or 

translation regulation has been demonstrated previously, among mRNAs significantly 

polyadenylated (A) and deadenylated (B) at each stage transition. RBP, RNA binding 

protein.
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Figure 4. Poly(A) tail length positively correlates with translational efficiency during the OET
(A) Correlation between poly(A) tail length and translational efficiency at each 

developmental stage.

(B) Correlation between change in poly(A) tail length and change in translational efficiency 

at each stage transition, colored by change in tail length. n, number of genes; R, Pearson 

correlation coefficient; TE, translational efficiency.

Lee et al. Page 33

Cell Rep. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Deadenylation and readenylation of maternal mRNAs in the oocyte and embryo
(A) Number of deadenylated-decayed (purple) or -stable (teal) genes at each stage transition.

(B) Number of deadenylated-stable genes from GV to MII that remain stable or are decayed 

from MII to ZY and from ZY to E2.

(C–F) For (C) and (D), MII>ZY, and (E), genes examined were deadenylated-stable from 

GV to MII and remained stable from MII to ZY. For (C) and (D), ZY>E2, and (F), genes 

examined were deadenylated-stable from GV to MII and remained stable from MII to ZY 

and from ZY to E2.

(C) Number of these genes with different changes in poly(A) tail length from MII to ZY 

(left) or ZY to E2 (right). The percentage of readenylated (lengthened) genes is indicated.

(D) Poly(A) tail lengths at MII, ZY, and/or E2 stages for genes that are readenylated from 

MII to ZY (left) or ZY to E2 (right). Horizontal lines indicate geometric means.
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(E and F) Gene ontologies enriched in genes readenylated (E) from MII to ZY and (F) from 

ZY to E2.

(G) Number of readenylated genes with different concurrent changes in TE from MII to ZY 

(left) or ZY to E2 (right).

(H) Number of all polyadenylated genes with different concurrent changes in TE from ZY to 

E2.

(G and H) The number and percentage of genes with increased TE are indicated, and genes 

were filtered by ≥1 fragments per kilobase per million (FPKM) in the RNA-seq dataset used 

to calculate TE.62 n, number of genes.
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Figure 6. Global deadenylation reorders relative mRNA poly(A) tail length distributions to 
activate translation without polyadenylation
(A) Poly(A) tail lengths of genes binned by TE (plot facets) at each developmental stage. 

Pairwise two-sided Wilcoxon tests are shown for all stages compared with ZY (ns, p > 0.05; 

*p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001). The number of genes in each bin is indicated below 

the x axis. Only bins with R10 genes are plotted.

(B) Number of translationally activated genes with lengthened (red), shortened (blue), and 

not significantly changed (gray) tail lengths across each stage transition.

(C) Number of deadenylated-activated (orange) or -repressed (gray) genes across each stage 

transition.

(D) Mean poly(A) tail lengths for deadenylated-activated or -repressed genes at each stage 

from GV to MII and MII to ZY.

(E) Number of deadenylated-activated (orange) or -repressed (gray) genes, binned by 

magnitude of deadenylation across each stage transition.

Lee et al. Page 36

Cell Rep. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F and G) Log2 fold change in absolute (F) or relative (G) tail length for deadenylated-

activated (orange) or -repressed (gray) genes across each stage transition. For (D, F, and 

G), horizontal lines indicate arithmetic means and two-sided Wilcoxon tests are shown 

(ns, p > 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). For (B)–(G), to include genes 

translationally activated or repressed despite no significant change in tail length, the adjusted 

p value cutoff for classifying genes as “deadenylated” was removed.
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Figure 7. TE of maternal effect genes (MEGs) critical for development is regulated by dynamic 
changes in poly(A) tail length
(A) Correlation between poly(A) tail length and TE for MEGs.

(B) Correlation between change in poly(A) tail length and change in TE for MEGs.

(A and B) Genes were filtered by ≥1 FPKM in the RNA-seq dataset used to calculate TE.62 

n, number of reads; R, Pearson correlation coefficient; TE, translational efficiency.

(C) Violin plots showing global distributions of gene-level mean poly(A) tail lengths at each 

stage for MEGs (colored) compared with all genes (gray). Means/medians of distributions 

are provided. Only genes with ≥10 polyadenylated reads in both biological replicates 

combined were included. Pairwise two-sided Wilcoxon tests are shown (ns, p > 0.05; *p 

≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001).

(D) Proportion of MEGs or all genes with significantly (adjusted p < 0.05) lengthened (red, 

left) or shortened (blue, right) tail lengths at each stage transition. Only genes with R10 
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polyadenylated reads in both stages represented were included. Pairwise one-sided Fisher’s 

exact tests are shown (ns, p > 0.05; *p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001).

(E) Poly(A) tail lengths (top) and translational efficiencies (bottom) of select MEGs across 

the OET. Each boxplot represents ≥20 polyadenylated reads. Pairwise two-sided Wilcoxon 

tests are shown (ns, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

TRIzol Thermo Fisher Scientific 15-596-018

Phenol: chloroform: iso-amyl alcohol (25:24:1) VWR VWRV0966-100ML

PMSG Lee BioSolutions 493-10

Collagenase Sigma-Aldrich C9407

M2 media Sigma-Aldrich M7167

HCG Sigma-Aldrich C1063

Hyaluronidase Sigma-Aldrich H4272

Sodium acetate buffer solution Sigma-Aldrich S7899

GenElute LPA Sigma-Aldrich 56575

DMEM media Thermo Fisher Scientific 11995073

FBS Cytiva SH30071.03HI

Penicillin/Streptomycin Thermo Fisher Scientific 15140122

0.25% Trypsin-EDTA Thermo Fisher Scientific 25200114

Critical commercial assays

PCR-cDNA Sequencing Kit Oxford Nanopore Technologies SQK-PCS110

PCR-cDNA Barcoding Kit Oxford Nanopore Technologies SQK-PCB109

R9.4.1 flow cell Oxford Nanopore Technologies FLO-MIN106D

Minion sequencing device Oxford Nanopore Technologies MIN-101B

AMPure XP Beckman Coulter A63881

RNA Clean & Concentrator-5 Zymo Research R1014

DNAse I Zymo Research E1011-A

T4 DNA Ligase NEB M0202M

5x quick ligation reaction buffer NEB E6058A

Lambda exonuclease NEB M0262S

USER Enzyme NEB M5505S

RNAClean XP Beckman Coulter A63987

Maxima H Minus Reverse Transcriptase Thermo Fisher Scientific EP0751

dNTP Mix NEB N0447S

LongAmp Hot Start Taq 2x Master Mix NEB M0533S

Exonuclease I NEB M0293S

RNaseOUT Thermo Fisher Scientific 10777019

RNA 6000 Pico Kit Agilent Technologies 5067-1513

High Sensitivity DNA Kit Agilent Technologies 5067-4626

Deposited data

Nanopore PCR-cDNA sequencing This paper GEO: GSE228001

RNA-seq Zhang et al.84 GEO: GSE71434
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ribosome profiling and RNA-seq Xiong et al.62 GEO: GSE165782

RNA-seq Zhang et al.64 GEO: GSE169632

Experimental models: Cell lines

Hela ATCC CCL-2

Experimental models: Organisms/strains

C57B/6J mice Jackson Labs 000664

B6D2F1/J mice Jackson Labs 100006

Oligonucleotides

Polyadenylated standards (See method details for 
sequences)

This study N/A

Software and algorithms

Minknow (22.05.5) Oxford Nanopore Technologies https://community.nanoporetech.com/downloads

Guppy (6.0.6) Oxford Nanopore Technologies https://community.nanoporetech.com/downloads

Pychopper (2.5.0) Oxford Nanopore Technologies https://github.com/epi2me-labs/pychopper

minimap2 (2.17) Li et al.108 https://github.com/lh3/minimap2

Salmon (0.14.1) Patro et al.109 https://github.com/COMBINE-lab/salmon

tailfindr (1.3) Krause et al.65 https://github.com/adnaniazi/tailfindr

DESeq2 (1.34.0) Love et al.110 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

AME (5.0.2) McLeay et al.111 https://meme-suite.org/meme/tools/ame

clusterProfiler (4.2.2) Yu et al.112 https://bioconductor.org/packages/release/bioc/html/
clusterProfiler.html

Other

ERCC Spike-In RNAs Thermo Fisher Scientific 4456653
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