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SUMMARY

Successful cell division involves highly regulated transcriptional and post-tran-
scriptional control. The RNA poly(A) tail represents an important layer of RNA
post-transcriptional regulation. Previous TAIL-seq analysis of S phase and M
phase poly(A) tail information showed that only a small number of genes showed
more than 2-fold change in their poly(A) tail length between the two cell cycle
stages. In addition, the changes in poly(A) tail length between these two stages
showedminimal impact on the translation of the genes as long as the poly(A) tails
were longer than 20 nt. Therefore, the significance of poly(A) tail dynamics during
the cell cycle remains largely unknown. Here, by re-analyzing the S phase and M
phase TAIL-seq data, we uncovered an interesting global dynamics of RNA
poly(A) tails in terms of their terminal modifications, implying global RNA regula-
tion between mitotic cell cycles through poly(A) tail terminal modifications.

INTRODUCTION

The RNA poly(A) tail is an essential component for most mRNA required for their stability, nuclear export,

and translation efficiency (Eckmann et al., 2011; Groisman et al., 2001, 2002; Nicholson and Pasquinelli,

2019; Richter, 1999; Villalba et al., 2011; Weill et al., 2012). The global dynamics and function of mRNA

poly(A) tail-mediated post-transcriptional regulation is highly underestimated owing to technical diffi-

culties in sequencing long homopolymeric sequences on standard second-generation sequencing plat-

forms. TAIL-seq and PAL-seq (poly(A)-tail length profiling by sequencing) methods with customized

base-calling algorithm or sequencing chemistry on Illumina platform were developed to estimate the

lengths of poly(A) tails (Chang et al., 2014; Subtelny et al., 2014). In addition, TAIL-seq revealed that the

30 ends of mRNA poly(A) tails can be modified by other bases (Chang et al., 2014; Lim et al., 2014, 2018).

Short RNA poly(A) tails can be terminally U modified by TUT4/7, which can promote the degradation of

the marked mRNA (Lim et al., 2014). In contrast, mixed tailing of RNA poly(A) tails by TENT4A/B can intro-

duce Gmodifications that attenuate the degradation of the mRNA poly(A) tails, resulting in stabilized RNA

with G modifications at the end of the tails (Lim et al., 2018).

Interestingly, studying the meiotic cell cycle of oocytes at multiple stages in multiple species, including

Drosophila, Xenopus, and mouse, revealed drastic dynamics of global RNA poly(A) tails during the meiotic

cell cycle with a clear link that longer poly(A) tails were generally associated with increased efficiency of

mRNA translation (Eichhorn et al., 2016; Lim et al., 2016; Luong et al., 2020; Morgan et al., 2017; Subtelny

et al., 2014; Yang et al., 2020). Some of the cell cycle-related genes are periodically expressed, whereas

most of the genes show relatively stable steady-state transcript level throughout the mitotic cell cycle (Ber-

toli et al., 2013; Park et al., 2016). However, little is known about the dynamics and roles of RNA poly(A) tails

during mitotic cell cycle. Combination of poly(A) tail analysis by TAIL-seq and translation efficiency by ribo-

some profiling revealed that less than 2% genes showedmore than 2-fold change in their poly(A) tail length

(Chang et al., 2014; Park et al., 2016). In addition, the length change of a poly(A) tail minimally affects mRNA

translation efficiency in somatic cell cycle as long as the tails are longer than 20 nt (Park et al., 2016). There-

fore, the significance of poly(A) tail dynamics during somatic cell cycle awaits further exploring. Here, we re-

analyzed the S phase and M phase TAIL-seq data and found that the terminal modifications of RNAs were

globally dynamic during somatic cell cycle.

RESULTS

RNA poly(A) tail 30 end uridylation can mark the RNA for rapid degradation (Lim et al., 2014; Morgan et al.,

2017; Zuber et al., 2016). First, we looked into the uridylation frequency of RNA poly(A) tails during different
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Figure 1. Poly(A) Tail Terminal Uridylation and Guanylation Cycle during the Mitotic Cell Cycle

(A) Frequency of uridylation is significantly lower at M phase compared with S phase. Frequency (y axis) is the fraction of

detected reads with uridylation among all reads with poly(A) tails. Blue refers to mono-U, green refers to di-U, and red

refers to three or more consecutive U. Async refers to asynchronized cells, M refers to M phase cells, and S refers to S

phase cells.

(B) The fraction of transcripts with uridylation for each of the genes is significantly lower at M phase compared with S phase

(p = 0, one-tailed Mann-Whitney U test). Genes with at least 30 reads with poly(A) tails in both samples are included in the

analysis.

(C) The fraction of transcripts without poly(A) tails for each of the genes is significantly lower at M phase compared with S

phase (p = 7.873 10�36, one-tailed Mann-Whitney U test). Genes with at least 30 total reads in both samples are included

in the analysis.

(D) Ribosome protected fragment (RPF) counts for CNOT1 and CNOT8 are higher in S phase than those in M phase.

(E) Ribosome protected fragment (RPF) count for TUT4 is higher in S phase than that in M phase.
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stages of mitotic cell cycle. Very interestingly, the M phase RNA poly(A) tails showed much lower frequency

of uridylation at their 30 ends, especially the oligo-U, compared with that from the S phase cells as well as

the asynchronized cells (Figure 1A). Consistently, when looking into individual genes, we can see more than

90% of genes showed lower terminal uridylation frequency in M phase compared with that in S phase (Fig-

ure 1B). We reason that the high level of uridylation in S phasemay be correlated with increased global RNA

degradation. TAIL-seq can capture RNA both with or without poly(A) tails (Chang et al., 2014; Park et al.,

2016). As poly(A) tail deadenylation is one of the most important steps in RNA degradation, we looked

into the amount of RNA with deadenylated tails to estimate the RNA degradation. Interestingly, 73% of

genes showed higher percentage of deadenylated poly(A) tails in S phase compared with that in M phase

(Figure 1C), confirming that higher global RNA degradation associated with uridylation in S phase. In sup-

porting the global higher RNA degradation in S phase, we could see higher ribosome engagement of tran-

scripts encoding core components of RNA deadenylation CCR4-NOT complexes, such as CNOT1 and

CNOT8, in S phase than that in M phase (Figure 1D). Consistent with uridylation of poly(A) tails deadeny-

lated by the CCR4-NOT complex (Yi et al., 2018), TUT4, encoding the terminal uridylation enzyme in mam-

mals is also highly translated in S phase (Figure 1E). These findings indicate that compared with M phase

there is global RNA uridylation-associated RNA degradation taking place in S phase.

RNA poly(A) tail 30 end guanylation catalyzed by TENT4A/B can shield the tails from active deadenylation

(Lim et al., 2018), which is opposite to the poly(A) tail uridylation. Interestingly, we could see that the gua-

nylation in M phase cells is higher than that in S phase cells or that in asynchronized cells (Figure 1F). When

looking into individual genes, two-thirds of the genes showed lower terminal guanylation frequency in M

phase compared with that in S phase (Figure 1G). This increased guanylation phenomenon in M phase may

be associated with the higher RNA level of TENT4A (Figure 1H). These findings indicate that compared with

S phase RNA guanylation may prevent the deadenylation of the RNA in M phase.

DISCUSSION

By reanalyzing the RNA poly(A) tail information from the S phase and M phase of the mitotic cell cycle, we

revealed global RNA poly(A) tail terminal modification reconfiguration during the cell cycle (Figure 1I). The

accumulation of terminal uridylation and high deadenylated transcripts at S phase suggest that there is

global RNA decay happening around S phase. In turn, the accumulation of terminal guanylation and

reduced deadenylated transcripts at M phase indicate that the majority of the transcriptome is protected

from active deadenylation during M phase. Taken together, these data reveal that the RNA terminal gua-

nylation and uridylation, two modifications of opposite molecular function in regulating RNA stability, are

of complementary dynamics during mitotic cell cycle. Together with a recent report of m6A cell cycle dy-

namics (Fei et al., 2020), the findings here highlight the functional importance of RNA modifications in

orchestrating the mitotic cell cycle.

Limitation of the Study

Here, we reanalyzed the previously published datasets and observed the cell cycle-associated global dy-

namics of RNA poly(A) tail terminal modifications. The function and regulation of this interesting global

RNA terminal modification cell cycle dynamics needs further investigation in the future. Moreover, it will

be interesting to see if the dynamics is differentially regulated in two daughter cells with distinct cell fates

during asymmetric cell division. In addition, the TAIL-seq method used to generate the datasets analyzed

here cannot measure the non-A residue modifications within the body of RNA poly(A) tails (Chang et al.,

2014); new methods such as PAIso-seq and FLAM-seq may be able to reveal more information about

the dynamics of poly(A) tail internal modifications during cell cycle (Legnini et al., 2019; Liu et al., 2019).

Nevertheless, our findings here reveal a new layer of global post-transcriptional regulation during cell cy-

cle, suggesting a general principle of RNA inheritance and clearance between somatic mother and

daughter cells.

Figure 1. Continued

(F) Frequency of guanylation is significantly higher at M phase compared with S phase. Frequency (y axis) is the fraction of

detected reads with guanylation among all reads with poly(A) tails.

(G) The fraction of transcripts with guanylation for each of the genes is significantly higher at M phase compared with S

phase (p = 4.36 3 10�139, one-tailed Mann-Whitney U test). Genes with at least 30 reads with poly(A) tails in both samples

are included in the analysis.

(H) RNA-seq quantification of transcript level for TENT4A is higher in M phase than that in S phase.

(I) A model for the transgenerational RNA cycle during mitosis.

ll
OPEN ACCESS

iScience 23, 101402, August 21, 2020 3

iScience
Article



Resource Availability

Lead Contact

Further information and requests should be directed to and will be fulfilled by the Lead Contact, Falong Lu,

(fllu@genetics.ac.cn).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

This study did not generate new datasets or code. The accession number of the published datasets

analyzed in this study can be found in the Transparent Methods.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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TRANSPARENT METHODS 

Data accession numbers  

This study includes analysis of the following published data: TAIL-seq for asynchronized cells (GEO accession: 

GSE51299) and M/S phase cells (GEO accession: GSE79664), ribosome profiling data and RNA-seq data for M/S 

phase cells (GEO accession: GSE79664) (Chang et al., 2014; Park et al., 2016).  

Statistical analyses and data visualization 

The processed datasheets of the TAIL-seq, ribosome profiling and RNA-seq datasets were downloaded from the 

GEO accessions listed above. 

Genes with at least 30 poly(A) tail containing reads were included in the analysis for Figure 1A and F. Then poly(A) 

tails containing U, UU or more than 2 consecutive U from these genes were counted and divided by the total 

number of poly(A) tails for Figure 1A. Then poly(A) tails containing G modifications from these genes were counted 

and divided by the total number of poly(A) tails for Figure 1F. 

Genes with at least 30 poly(A) tail containing reads in both stages were included in the analysis for Figure 1B and 

G, for each gene the ratio of U or G containing poly(A) tails were calculated by the number of U or G containing 

poly(A) tails divided by the number of all poly(A) tails of the gene. Then the ratio of U or G containing poly(A) tails 

for each gene were plotted for the two cell cycle stages. 

Genes with at least 30 total reads in both stages were included in the analysis for Figure 1C. TAIL-seq reads with 

less than 5 nt untemplated sequence measured by the TAIL-seq algorithm were considered as non-poly(A) tags 

as described in the method of the original paper by Park et al. (Park et al., 2016). For each gene the ratio of non-

poly(A) tags were calculated by the number of non-poly(A) tags divided by the number of total reads of the gene. 

Then the ratio of non-poly(A) tags for each gene were plotted for the two cell cycle stages. 

The values from two biological replicates were shown as bar plots for both replicates of the two stages for Figure 

1D, E and H.  

The statistical tests for Figure 1B, C and G are one-tailed Mann-Whitney U test according to the published literature 

studying the tail terminal U modifications between two genotypes (Lim et al., 2014). The processed data were 

visualized using plots generated in Microsoft Excel. 
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