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SUMMARY

Poly(A) tails are critical for mRNA stability and trans-
lation. However, recent studies have challenged this
view, showing that poly(A) tail length and translation
efficiency are decoupled in non-embryonic cells.
Using TAIL-seq and ribosome profiling, we investi-
gate poly(A) tail dynamics and translational control
in the somatic cell cycle. We find dramatic changes
in poly(A) tail lengths of cell-cycle regulatory genes
like CDK1, TOP2A, and FBXO5, explaining their
translational repression in M phase. We also find
that poly(A) tail length is coupled to translation
when the poly(A) tail is <20 nucleotides. However,
as most genes have >20 nucleotide poly(A) tails, their
translation is regulated mainly via poly(A) tail length-
independent mechanisms during the cell cycle. Spe-
cifically, we find that terminal oligopyrimidine (TOP)
tract-containing transcripts escape global transla-
tional suppression in M phase and are actively trans-
lated. Our quantitative and comprehensive data
provide a revised view of translational control in the
somatic cell cycle.

INTRODUCTION

Cell cycle is a highly orchestrated process that is under extensive

regulations to ensure accurate DNA replication and proper chro-

mosome segregation. For precise cell-cycle progression, gene

expression should be temporally regulated at multiple layers.

To assess such gene expression changes genome-wide, tran-

scriptomic and proteomic approaches have been applied for

systematic quantification of mRNA level (Cho et al., 2001; Grant

et al., 2013; Whitfield et al., 2002) and protein abundance or

post-translational modifications (Lane et al., 2013; Ly et al.,

2014; Merbl et al., 2013; Ohta et al., 2010; Olsen et al., 2010; Pa-

gliuca et al., 2011). In addition, recent development of ribosome

profiling, which enables high-throughput and quantitative mea-

surement of translation efficiency (TE), unveiled a large repertoire

of translational regulation during cell-cycle progression (Stumpf

et al., 2013; Tanenbaum et al., 2015). The prevalence of transla-
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tional regulation is also supported by the evidence from an alter-

native approach that measured the synthesis rate of nascent

peptides (Aviner et al., 2013). Despite the accumulating evi-

dences for widespread translational regulation in cell cycle, our

understanding of the underlying mechanisms is still limited.

Poly(A) tail hasbeen suggestedasan important player for trans-

lational regulation aswell as formRNA stability. Translational con-

trol bypoly(A) tail ismost intensively studied inmeiotic cell division

(Weill et al., 2012). At early stages of oogenesis, maternal mRNAs

aredeposited in deadenylated formso that they are translationally

silenced. Upon stimulation, RNAs required for cell-cycle progres-

sion are polyadenylated for efficient translation (Richter, 1999).

The polyadenylation and deadenylation are regulated in a timely

manner to allowmeiotic cell cycle to proceed through an ordered

series of events. Similar poly(A)-mediated translational regulation

has also been described in early mitotic division and somatic cell

cycle (Groisman et al., 2002; Novoa et al., 2010). Using cycling

Xenopus embryo extracts, it has been shown that the translation

of cyclin b1 is increased by polyadenylation at the onset of

Mphase (Groismanet al., 2002).G2/Mphase-specificpolyadeny-

lation of cyclin b1 mRNA was also observed in synchronized

cell extracts of human breast cancer cell line MCF-7 (Groisman

etal., 2002). In addition, regulationofpoly(A) tail lengthand its sub-

sequent effect on translational status of genes such as CDC20

andCDKN3was reported inHeLacells (Novoa et al., 2010). These

observations underscore the importance of poly(A) tail-mediated

translational regulation in general cell division process.

However, the generality of translational regulation by poly(A)

tail was challenged by recent studies that developed and applied

high-throughput methods for poly(A) tail length quantification,

TAIL-seq and poly(A)-tail length profiling by sequencing (PAL-

seq) (Chang et al., 2014; Subtelny et al., 2014). Although TAIL-

seq and PAL-seq are based on different working principles,

both methods measure poly(A) tail lengths at nucleotide resolu-

tion on a genome-wide scale and consistently show that poly(A)

tail length and translation efficiency are decoupled in differenti-

ated cells (Chang et al., 2014; Subtelny et al., 2014). The associ-

ation between poly(A) tail length and translation efficiency was

only seen in early embryos of zebrafish and Xenopus (Subtelny

et al., 2014). These results suggested that earlier observation

of poly(A) tail-mediated translational regulation in somatic cells

could be confined to only a few cases. Indeed, there are a num-

ber of examples that show the importance of poly(A)-indepen-

dent translational control during the somatic cell cycle (Celis
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et al., 1990; Kim et al., 2014; Sachs, 2000; Stumpf et al., 2013;

Tanenbaum et al., 2015). For example, in M phase of mitotic

cell cycle, a subset of genes with internal ribosome entry sites

(IRES) in their 50 UTR are thought to be selectively translated,

escaping from the global suppression of cap-dependent transla-

tion (Pyronnet et al., 2000; Qin and Sarnow, 2004). The expres-

sion of such escapers is important for accurate chromosome

segregation and cell survival during mitosis (Barna et al., 2008;

Marash et al., 2008). Thus, compared to early embryonic cells

in which translation is dominantly controlled by poly(A) tail

length, several different mechanisms may work in parallel to

regulate translation during the somatic cell cycle.

In this study, we dissect the mechanisms for translational

regulation in somatic cell cycle with the following aims: (1) to

generate accurate profile of poly(A) tail length dynamics in cell

cycle, (2) to investigate the relationship between poly(A) tail

and translation efficiency using synchronized cell population,

and (3) to identify the poly(A)-dependent and -independent

translational regulation. To these ends, we applied TAIL-seq

and ribosome profiling to determine poly(A) tail length and trans-

lation efficiency, respectively, in HeLa cells synchronized at

S or M phase. Using TAIL-seq, we identify genes whose poly(A)

tail lengths fluctuate in cell cycle, which include those with cell-

cycle regulatory functions. Shortening of poly(A) tail of these

genes in M phase results in translational repression. However,

for the majority of genes, translation is regulated independently

of their poly(A) tail length in somatic cell cycle. Specifically, we

discover a set of translationally upregulated genes in M phase.

Collectively, our study provides comprehensive and quantitative

assessment of poly(A) tail length dynamics and translational

control during the somatic cell cycle.

RESULTS

Dynamic Changes of Poly(A) Tail Length during Cell
Cycle
For genome-wide measurement of poly(A) tail length during cell

cycle, we performed TAIL-seq on HeLa cells synchronized at

S or M phase, using thymidine double block or thymidine-noco-

dazole block, respectively (Figures 1A and S1A). TAIL-seq

directly sequences the 30 end of mRNA including the poly(A)

tail region. This allows observation of modifications at the 30 ex-
tremity and measurement of poly(A) tail length at nucleotide res-

olution (Chang et al., 2014). From the TAIL-seq experiment, we

could determine the poly(A) tail characteristics of 5,252 genes

that passed the cutoff criterion (at least 50 poly(A)-containing

reads in both S and M phase libraries) (Table S1). Detailed

description for determining TAIL-seq cutoff criterion is provided

in the Supplemental Information.

Using the data, we compared global poly(A) length distribu-

tions between S and M phases. The overall poly(A) length distri-

butions were similar with a slight shift to the shorter range in

M phase (Figure 1B). When we compared poly(A) length distribu-

tions at the individual gene level, we could identify genes with

significantly altered poly(A) tail length (Figure 1C). ‘‘Significant’’

changewasdefinedas satisfaction of twocriteria: falsediscovery

rate (FDR) <5%based onMann-WhitneyU test and absoluteme-

dian length fold changeR2. Among 71 genes that satisfied these
criteria, 64 genes exhibited shorter tails in M phase (Figure 1C,

red circles) while seven genes had shorter tails in S phase (Fig-

ure 1C, blue circles).CDK1(cyclin-dependent kinase 1) displayed

the most extreme change, whose median poly(A) tail length

changed from 77 nt in S phase to 2 nt in M phase. In contrast,

poly(A) tail length of CWC22 (spliceosome-associated protein)

changed from11nt in S phase to 83 nt inMphase.Gene ontology

(GO) analysis of genes with shortened poly(A) tail in M phase

revealed ‘‘regulation of mitotic cell cycle,’’ ‘‘microtubule cyto-

skeleton,’’ and ‘‘regulation of ubiquitin-protein ligase activity’’

as enriched terms (Figure 1D), suggesting that deadenylation in

M phase might be associated with cell-cycle regulatory func-

tions. No significant enrichment of GO termswas found for genes

with decreased poly(A) tail in S phase due to a small sample size.

Our data support the previous notion that poly(A) tail length is

dynamically regulated during cell-cycle progression for a subset

of genes (Novoa et al., 2010). However, our list of differentially

regulated genes is quite different from the one reported previ-

ously (Novoa et al., 2010) (Figure S1B). The reason for this

discrepancy is unclear, but could be attributed to the low resolu-

tion of the method used in the previous study, which estimated

poly(A) tail length change by comparing the efficiency of differen-

tial elution of RNAs from poly(U) chromatography. In contrast, by

directly sequencing the tail region, TAIL-seq provides quantita-

tive and accurate estimate of poly(A) tail length (Chang et al.,

2014). To verify our results, we performed high-resolution poly(A)

tail assay (Hire-PAT) on seven genes. Results from Hire-PAT

were highly consistent with the corresponding TAIL-seq results

on all tested genes (Figures 1E and S1C). In addition, using

Hire-PAT, we examined whether the poly(A) tail length dynamics

observed in HeLa cell are reproduced in a different system.

We selected retinal pigment epithelial (RPE-1) cell line because

RPE-1 cells are non-cancerous and nearly diploid. Similar

poly(A) tail length dynamics were observed in both cell lines (Fig-

ures 1E and S1D), implying that dynamic regulation of poly(A) tail

length of genes identified from our data might be a general

feature of mitosis. Overall, our measurement offers an accurate

and comprehensive landscape of the 30-terminome in cell cycle.

mRNA Quantification Bias Caused by Oligo-dT Capture
Next, we set out to assess the regulatory role of poly(A) tail

by quantifying transcript levels and translation efficiencies using

mRNA sequencing (mRNA-seq) and ribosome profiling. The

standard method for mRNA-seq uses oligo-dT column to enrich

poly(A)-tailed RNAs. However, we noticed that poly(A) tails

of some transcripts are shortened drastically in M phase (Fig-

ure 1C), which may compromise the capture of these mRNAs,

as previously demonstrated in vitro (Meijer et al., 2007). Indeed,

we found that nearly all mRNAs with short tails are prominently

decreased in their abundance when oligo-dT capture was used

(Figure 2A, left panel). In contrast, the levels of the same mRNAs

remained constant when we enriched mRNAs by rRNA-deple-

tion method that is independent of poly(A) tail length (Figure 2A,

right panel). The comparison clearly shows that mRNAs with

short tails can be severely underestimated depending on the

method (Figure 2A). For example, CDK1 mRNA level was

apparently reduced by approximately eight times in M phase

based on the oligo-dT capture (Figure 2A, left panel), while the
Molecular Cell 62, 462–471, May 5, 2016 463
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Figure 1. Dynamics of Poly(A) Tail Length during Cell Cycle

(A) Experimental scheme. Cells enriched in S or M phase were analyzed by TAIL-seq, mRNA-seq, and ribosome profiling.

(B) Global poly(A) tail length distributions of S and M phase-arrested samples.

(C) A scatter plot of the median poly(A) length of individual genes in S and M phases. Genes with significant change in their median tail length between S and M

phases (absolute fold changeR2 and FDR <5% based on Mann-Whitney U test) are denoted as colored dots. Red dots represent genes with shortened poly(A)

tail in M phase and blue dots indicate genes with shortened poly(A) tail in S phase.

(D) GO analysis of genes with significant shortening of poly(A) tail length in M phase. Genes with more than 50 poly(A) read counts in TAIL-seq for both S and M

phases were used as the background.

(E) Validation of TAIL-seq data by Hire-PAT. Additional data are provided in Figure S1C.

See also Figure S1. Hire-PAT PCR primers are listed in Table S3.
rRNA-depletion method resulted in a nearly constant level in

both phases (Figure 2A, right panel). These results demonstrate

that differences in poly(A) tail length can generate a systemic

bias in transcriptomic data.

Translation Efficiency Free from Poly(A) Length Bias
As the mRNA level from RNA sequencing (RNA-seq) is used as a

normalization factor when calculating translation efficiency from
464 Molecular Cell 62, 462–471, May 5, 2016
ribosome profiling data (Figure 1A), the selective loss of short

poly(A)-tailed RNAs would result in an overestimation of their

translation efficiencies. Indeed, Figure 2B shows that translation

efficiencies of deadenylated RNAs are generally overestimated

when the RNA-seq from oligo-dT capture was used for normal-

ization. Consequently, CDK1 and TOP2Awere previously classi-

fied as ‘‘translationally upregulated’’ in M phase. However, these

genes belonged to a ‘‘translationally repressed’’ group when
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Figure 2. Quantification of Translation Efficiency and mRNA Level Free from Oligo-dT Capture Bias

(A) Scatter plots of RNA abundance change of individual genes (y axis) compared to their poly(A) tail length change between S and M phases (x axis). Genes

with >4-fold poly(A) shortening in M phase are denoted as red dots. When the oligo-dT enrichment was used, RNAs with shortened poly(A) tail were clearly

depleted (left). This bias was not observed when the rRNA-depletion method was used (right).

(B) A scatter plot comparing translation efficiency (TE) calculated using oligo-dT-enriched (y axis) or rRNA-depleted (x axis) mRNA-seq. The bias in mRNA

abundance caused by oligo-dT capture resulted in the misclassification of genes with shortened poly(A) tail length as translationally upregulated in M phase (red

dots). The color scheme is the same as Figure 1C.

(C) Polysome profiles of S and M phase-enriched HeLa cells. Each fraction was isolated and analyzed using qRT-PCR.

(D) Polysome fractionation profiles of individual genes from S and M phase-arrested HeLa cells. Genes are categorized based on their TE change between

S and M phase measured by ribosome profiling. qRT-PCR primers used in this experiment are listed in Table S3.

(E) Experimental scheme for nascent protein capture.

(F) Silver staining of total lysate and captured nascent proteins by click chemistry reflects the global translational suppression in M phase.

(G) Western blot of nascent proteins. Results for additional genes are shown in Figure S3.

(H) A scatter plot comparing nascent protein synthesis (WB, y axis) and translation efficiency measured by ribosome profiling (RPF, x axis). Western blot results

are quantified by averaging at least three biological replicates.

See also Figures S2 and S3.
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(A) A scatter plot comparing median poly(A) length

change and translation efficiency change (TE)

between S and M phases. Genes whose median

poly(A) length was decreased by >4-fold, denoted

as dark red dots, show decreased TE (p value =

0.0131, Mann-Whitney U test).

(B) A violin plot for TE of genes binned by their

median poly(A) tail length in M phase with 10-nt

intervals. Only the genes with median poly(A) tail

length >50 nt in S phase were selected for this

analysis to exclude those with short poly(A) tail in

both phases.
rRNA-depletion mRNA-seq was used (Figure 2B). Thus, fluctua-

tion of poly(A) tail length can lead to inaccurate estimation of

translation efficiency.

Using the rRNA-depletion method instead of the oligo-dT

capture, we determined mRNA abundance and used it to

calculate translation efficiency. To validate the accuracy, we

first performed polysome profiling by fractionating cell lysates

from S or M phase-arrested cells on sucrose gradient (Fig-

ure 2C). Efficiently translated mRNAs associate with multiple

ribosomes and migrate in heavy fractions. UV absorption

in polysome fraction, which reflects the level of RNA in transla-

tion, was decreased in M phase compared to that in S phase

(Figure 2C), consistent with the global translational suppression

in M phase (Prescott and Bender, 1962; Pyronnet et al., 2001;

Tarnowka and Baglioni, 1979). For transcript-specific measure-

ment, mRNAs were extracted from sucrose gradient fractions

and quantified by qRT-PCR. The data were normalized using

spike-in RNAs that were added at equal amounts to every frac-

tion. Of note, polysome profiles are dependent on the absolute

number of translating ribosomes on mRNAs while ribosome

profiling data represent relative amounts normalized by the

total number of translationally active ribosomes. Consequently,

even though translation efficiency calculated by ribosome

profiling was unchanged for genes such as GAPDH and

ODC1, their polysome profiles were shifted modestly to mono-

some state in M phase (Figure 2D, S z M), reflecting the global

suppression during this period.

In our sucrose gradient assay, transcripts such asMAPK3 and

MYC accumulated strongly in light fractions in M phase, which is

consistent with the decreased translation efficiency calculated

using ribosome profiling data (Figure 2D, S > M). Transcripts

with increased translation efficiency in M phase (GLTSCR2,

EEF2, NPM1, and GNB2L1) migrated to heavy polysome frac-

tions, which also confirms our ribosome profiling data (Figure 2D,

S < M). These transcripts are interesting as they escape mitotic

translational suppression (see below for further analysis). Finally,

transcripts with shortened poly(A) tail in M phase such as CDK1

and TOP2A displayed translationally repressed pattern (Fig-

ure 2D), which is in agreement with translation efficiency calcu-

lated using rRNA-depleted mRNA-seq data (S > M for rRNA

depletion), but not with the one calculated using oligo-dT cap-
466 Molecular Cell 62, 462–471, May 5, 2016
ture data (S < M for oligo-dT enrichment). These observations

are also confirmed in RPE-1 cells (Figure S2).

For further validation, we estimated protein synthesis rate by

metabolically labeling nascent proteins. HeLa cells were arrested

at S or M phase and incubated for 2 hr with a methionine analog

that contains a functionalized alkyne group. After cell lysis, the

labeled proteins were conjugated to azide-linked biotin by click

chemistry, precipitated with streptavidin beads, and quantified

by western blotting (Figure 2E). Silver staining of labeled proteins

confirmed that global translation is suppressed in M phase (Fig-

ure 2F). The amount of nascent proteins (measured by metabolic

labeling andwestern blotting) correlateswith ribosome-protected

fragment counts (RPF, determined by ribosome profiling) (Figures

2G, 2H, and S3). As expected, there were a few outliers such as

CCNA (Cyclin A), which is highly translated based on ribosome

profiling data, but subject to extensive post-translational degra-

dation in M phase (den Elzen and Pines, 2001). Together, these

validation experiments strongly suggest that our bias-free mea-

surement of translation efficiency faithfully reflects the actual

protein synthesis in cell cycle.

Translational Regulation and Poly(A) Tail Control during
the Somatic Cell Cycle
To investigate the impact of poly(A) tail on translation, we

compared the changes in poly(A) tail length and translation effi-

ciency between S and M phases. Overall, the fold change in

poly(A) length and that in translation efficiency (M phase versus

S phase) do not strongly correlate (R = 0.03, p value = 0.09),

implying that poly(A) tail length may not be a major deter-

minant of translation during the somatic cell cycle (Figure 3A).

Interestingly, however, a significant translational repression was

observed with transcripts whose poly(A) tail is shorter in M phase

than in S phase by >2-fold (p value = 0.013, Mann-Whitney U test)

(Figure 3A, red dots). Because the ‘‘fold’’ change may not fully

reflect the biological relevance of the changes in poly(A) tail length

(for instance, consider the change from 30 nt to 15 nt versus that

from 200 nt to 100 nt), we also checked the absolute poly(A) tail

length. We grouped genes by their median poly(A) tail length in

M phase and compared their translation efficiencies (Figure 3B).

Intriguingly, translational repression was observed in M phase

only when the median poly(A) tail length is shorter than �20 nt
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(RPF fold changeR2) that are clustered according

to RNA level, translation efficiency, and poly(A) tail

length fold change.

(B) Enriched GO terms for clusters are listed in

the table. p values were adjusted by Benjamini-

Hochberg method.
(Figure 3B, red violin plots). Further shortening of poly(A) tail re-

sulted in even stronger repressive effect on translation (Figure 3B).

This result may provide a mechanistic explanation for the trans-

lational repression of some genes in M phase. One interesting

example is FBXO5, whose translational repression is required for

proper M phase progression (Tanenbaum et al., 2015). According

to the TAIL-seq data, median poly(A) length of FBXO5 changes

from 80 nt in S phase to only 3 nt inM phase. Therefore, deadeny-

lation and translational suppression may be responsible for the

repression of FBXO5 during M phase progression.

This coupling between the tail length and translation efficiency

was observed up to the median poly(A) tail length of �20 nt.

Lengthening of the tail beyond �20 nt does not further influence

translation (Figure 3B, black violin plots). It is noteworthy that this

length (�20 nt) is slightly shorter than the length of poly(A) stretch

occupied by a single poly(A)-binding protein (PABP) molecule

(Baer and Kornberg, 1980; Sachs et al., 1987), raising a possibil-

ity that one PABP protein may be enough to promote translation

and that additional PABPs may only have a marginal effect on

translation.

Classification of Gene Expression Patterns during Cell
Cycle
Our dataset allows us to accurately examine the translational

landscape in S and M phases. We selected differentially ex-

pressed genes (DEGs) based on normalized RPF counts from

ribosome profiling to identify genes whose protein output is

changed (777 genes, defined as those with >2-fold change in

RPFs between S and M phases) (Figure 4A). To classify gene

expression patterns during cell cycle, the DEGs were subjected
Mo
to k-means clustering analysis based on

three categories: fold changes in mRNA

level, translation efficiency, and poly(A)

tail length (Figure 4A; Table S2). Note

that some strongly regulated genes are

missing in this list of DEGs because

they fall below the abundance cutoff

of mRNA-seq, RPF, and/or poly(A) tag

counts in either S or M phase.

Clusters 1 and 2 include genes that

produce more proteins in M phase than

in S phase. They show higher RNA levels

in M phase without a significant change in

translation efficiency or poly(A) tail length,

indicating that these genes are regulated

transcriptionally or at the level of mRNA
stability. We also find genes that produce more proteins in

S phase than in M phase without changes in translation effi-

ciency (cluster 9). AnalyzingGO terms of each cluster (Figure 4B),

we noticed that genes in clusters 1 and 2 are enriched with terms

related to mitosis such as ‘‘mitotic cell cycle’’ and ‘‘microtubule

cytoskeleton organization,’’ suggesting an importance of regula-

tion of clusters 1 and 2 genes during cell cycle.

Interestingly, however, a large fraction of DEGs (311/777,

�40%) showed significant changes in translation efficiency (ab-

solute log2 fold change >1) without a substantial alteration in

mRNA level (absolute log2 fold change <0.5). Thus, translational

regulation is a prevalent mode of gene regulation during cell

cycle. Clusters 3 and 4 contain translationally activated genes

in M phase. GO analysis yielded terms such as ‘‘translational

elongation,’’ ‘‘rRNA binding,’’ and ‘‘ribosome biogenesis’’ (Fig-

ure 4B), indicating that translation machinery is upregulated at

the translational level, effectively escaping the global transla-

tional suppression in M phase (see below). Clusters 5 and 6,

on the contrary, display strong translational repression in

M phase. Theymay be particularly sensitive to translational shut-

down by eIF2a phosphorylation in M phase (Datta et al., 1999;

Kim et al., 2014). Clusters 5 and 6 are enriched with transcription

factors and chromatin remodeling complexes (Figure 4B).

Notably, poly(A) tail lengths were largely unchanged among

the DEGs except for cluster 7 genes. Cluster 7 is a small group

of translationally repressed genes with a dramatic decrease in

the poly(A) tail length (eight genes, 1% of DEGs, and 0.2% of to-

tal detected genes). This observation reinforces our conclusion

that translational regulation by poly(A) length control is not as

widespread as previously anticipated and may be limited to a
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Figure 5. Translational Upregulation of

Genes with the TOP Element in M Phase

(A) A scatter plot comparing the TE fold change

between S and M phases (y axis) and that after

Torin-1 treatment (x axis). Previously annotated

TOP genes are denoted as red dots. Most of

TOP genes that were sensitive to Torin-1 showed

increased TE in M phase.

(B) Violin plots for translation efficiency of TOP-

containing genes (red) and control genes (gray) in

various cell-cycle samples. M (noco), M phase

cells enriched by thymidine-nocodazole treat-

ment; M (shake-off), M phase cells enriched

by shaking off round-shaped M phase cells; S,

S phase cells enriched by double thymidine block;

G1, G1 phase cells enriched by releasing from

double thymidine block; Async, asynchronous

cells. p values are calculated by Student’s t test.

(C) Polysome profiles of TOP and control genes in

S and M phase-arrested RPE-1 cells. The same

data are presented in Figure S2.

See also Figures S4 and S5. qRT-PCR primers

used in this experiment are listed in Table S3.
small group of genes. Nevertheless, as cluster 7 includes

key regulators of mitosis such as CDK1, TOP2A, TOPBP1, and

MAX, the selective control of poly(A) tail may contribute critically

during cell division.

Mitotic Translation of TOP Genes
It is interesting that many genes are efficiently translated in

M phase (Figure 4, clusters 3 and 4) despite the global transla-

tional suppression during this period. Translation is known to

be suppressed globally in M phase through phosphorylation of

eIF2a (Datta et al., 1999; Kim et al., 2014) and phosphorylation

of 14-3-3s (Wilker et al., 2007). It has been reported that tran-

scripts with IRES are insensitive to the global repression and

translated efficiently in M phase (Marash et al., 2008; Pyronnet

et al., 2000; Qin and Sarnow, 2004). Unexpectedly, however,

we could not find any evidence that supports the translational

upregulation of IRES-containing genes. Ribosome profiling and

validation experiments showed that the annotated IRES-con-

taining genes such as MYC, ODC1, and CDK1 were actually

downregulated rather than upregulated in M phase (Figure 2D).

Instead, we found that mRNAs of ribosomal proteins and

translation factors are translationally active in M phase (Figure 4,

clusters 3 and 4). Ribosomal proteins and translation factors ac-

count for nearly 30% of genes in clusters 3 and 4 (48 out of 172).

Interestingly, we noticed that these RNAs have a common cis-

acting element called terminal oligopyrimidine tract (TOP) that

consists of a 4–15 nt long stretch of pyrimidines located near

the 50 end of the transcript (Amaldi and Pierandrei-Amaldi,
468 Molecular Cell 62, 462–471, May 5, 2016
1997; Yamashita et al., 2008). Seventy-

five percent of ribosomal proteins and

translation factors in clusters 3 and 4 (36

out of 48) have TOP sequences in their

50 UTR. Especially, for cluster 4, TOP

genes constitute�90% of ribosomal pro-

teins and translation factors (26 out of 29).
Thus, TOP element may be a major factor that drives transla-

tional upregulation of ribosomal proteins and translation factors.

Consistent with this, recent reports showed that 4E-BP, a strong

translational inhibitor of TOP-containing mRNAs, is inactivated

through hyper-phosphorylation in M phase (Shuda et al., 2015;

Thoreen et al., 2012). We also confirm that 4E-BP is hyper-phos-

phorylated inM phase in our experimental conditions (Figure S4),

indicating that mitotic cells have a favorable environment for

translation of TOP genes.

To investigate whether active translation in M phase is a gen-

eral trait of TOP genes, we asked what fraction of these genes

shows translational upregulation in M phase. One of the charac-

teristics shared by the TOP genes is a sensitivity to mTOR

signaling pathway, which regulates their translation via phos-

phorylation of 4E-BP1 (Tang et al., 2001). Hence, we deduced

the list of TOP genes by re-analyzing the published ribosome

profiling data that measured translational sensitivity to Torin-1,

a potent inhibitor of mTOR (Thoreen et al., 2012). Interestingly,

most of the genes that were repressed upon Torin-1 treatment

displayed higher translation efficiency in M phase than that in

S phase (Figure 5A; p value = 1.6 3 10�18, Fisher’s exact test).

Among 65 annotated TOP genes detected in our ribosome

profiling dataset, 58 genes (89.2%) showed higher translation

in M phase (M/S log2 fold change R0.5), with 41 of them

showing >2-fold increase in translation efficiency in M phase.

This suggests that mTOR signaling is active in M phase and

that it may be an important contributor of translational upregula-

tion of TOP-containing genes during this period.



To establish the generality of the observed translational upre-

gulation of TOP genes in M phase, we examined translation of

these genes in a number of different experimental conditions.

First, we enriched M phase cells by ‘‘mitotic shake-off method’’

that does not require nocodazole treatment. Ribosome profiling

and mRNA-seq data show that translation efficiency of TOP

genes are upregulated in this cell population, indicating that

our result is independent of the cell cycle synchronization

method (Figures 5B and S5). Next, we measured translation effi-

ciency of asynchronous HeLa cells and compared it to that of

M phase. Translation efficiency of the TOP genes was higher in

M phase than in asynchronous population compared to other

genes (Figures 5B and S5). Moreover, we re-analyzed the previ-

ously reported data and found that TOP genes are efficiently

translated in M phase when compared to G1 or S phase (Figures

5B and S5) (Stumpf et al., 2013). Finally, we used RPE-1 cells

instead of HeLa for polysome fractionation experiment (Fig-

ure 5C). Two TOP gene mRNAs, RPL18A and EEF2, migrate in

heavier fractions in M phase than in S phase, indicating that

TOP genes are upregulated translationally in mitotic RPE-1 cells.

In contrast, the controlGAPDH and the putative IRES-containing

MYC mRNAs were translationally suppressed in mitotic RPE-1

cells (Figure 5C). Thus, specific translational upregulation of

the TOP genes may be a general feature of mitosis.

DISCUSSION

In this study, we applied TAIL-seq technique to quantitatively

profile poly(A) tail length at genome-wide level in S and M phase

cells. Our results reveal that poly(A) tail length is dynamically

regulated for a subset of genes. This list of regulated genes is

enriched with cell-cycle function, suggesting that poly(A) length

control could be associated with cell-cycle progression. Inter-

estingly, many of the genes with significantly shortened poly(A)

tail length in M phase are regulators of mitosis. Transcription

of these genes (e.g., CDK1, TOP2A, KPNA2, and UBE2C) are

known to peak at G2/M phase and repressed at G1 phase

(Müller et al., 2014). Our TAIL-seq results suggest that mRNAs

of these mitotic factors are deadenylated in M phase such

that their translation is strongly suppressed and their transcripts

are marked for decay. In contrast, other well-known mitotic reg-

ulators such as CCNA, CCNB, and CENP-E do not show poly(A)

length change although these genes are also transcriptionally

upregulated in G2/M phase (Müller et al., 2014). This suggests

that selective deadenylation takes place to shut down a subset

of genes once cells enter M phase. It will be interesting to study

the mechanism responsible for deadenylation of these genes.

Of note, our list of deadenylated genes contains some

genes that have not previously been associated with mitosis.

For instance, SNX4, whose tail length changes from 81 nt in

S phase to 13 nt in M phase, is known to function in early endo-

some-to-endocytic recycling compartment (ERC) transport.

SNX4 interacts with dynein, a minus end-directed microtubule

motor protein, to conduct early endosome-to-ERC transport

(Traer et al., 2007). Considering the importance of microtubule

regulation during chromosome segregation, SNX4 may also

function in mitosis. Hence, our updated list of regulated genes

may include potential players of mitosis. In the future, it will
be interesting to investigate these genes for their possible func-

tion in mitosis.

While investigating poly(A) tail length dynamics, we uncovered

abias inmRNAquantification fromconventional oligo-dT capture

method. This bias resulted in underestimation of mRNA abun-

dance for short poly(A)-tailed mRNAs, leading to overestimation

of translation efficiency and misclassification of deadenylated

genes as translationally activated in M phase. One striking

example is CDK1, which was previously categorized as transla-

tionally upregulated inMphase (Stumpf et al., 2013), but it is actu-

ally downregulated according to our analysis. Such bias is

observed in many publically available datasets that used oligo-

dT capture, so one should interpret these data with caution.

Moreover, oligo-dT method should be avoided especially when

poly(A) tail length may change between two conditions.

With the revised ribosomeprofiling data,we revisited the ques-

tion regarding translational control by poly(A) tail. In this study,we

used cell-cycle synchronized samples to reduce the heterogene-

ity in poly(A) tail length distributions, thus providing better res-

olution for the analysis. In addition, while previous studies

used steady-state poly(A) tail length and translation efficiency

measured from asynchronous cell populations (Chang et al.,

2014; Subtelny et al., 2014), the current study compared fold

changes between two phases to directly assess the correlation

between poly(A) tail length change and translation of the same

gene. Our approach indicates that the change in poly(A) length

may contribute to translational control even in differentiated cells.

But intriguingly, poly(A) tail length is coupledwith translation for a

limited range of poly(A) length, that is, only for the genes with

short tail length (below �20 nt). As most genes have poly(A) tails

longer than 20 nt in asynchronous conditions, translational con-

trol by poly(A) tail might be observed only in a specific condition

for a specific set of genes that undergo rapid deadenylation or

those subject to drastic cytoplasmic polyadenylation.

Notably, the threshold length of �20 nt is slightly shorter than

the length of A stretch occupied by a single PABP (�25 nt) (Baer

and Kornberg, 1980; Sachs et al., 1987). Our data suggest that

binding of a single PABP might be sufficient to promote transla-

tion to its maximum capacity. In this model, binding of additional

PABPs would have little effect on enhancing translation. Of note,

in early embryos, poly(A) tail length and translation efficiency are

coupled up to �80 nt that is long enough to hold approximately

three PABPs. Hence, it is likely that translational control by

poly(A) tail uses a distinct mechanism in early embryos. In the

future, it will be interesting to compare somatic and early embry-

onic systems to elucidate context-dependent modes of transla-

tional regulation by poly(A) tail.

By combining transcriptome (mRNA-seq), 30-terminome (TAIL-

seq), and translatome (ribosome profiling), we provide a compre-

hensive view on gene regulation during cell cycle. Our data

suggest that translational control is widely used during cell-cycle

progression. In addition, we unveil that TOP genes, rather than

IRES-containing genes, are actively translated in M phase. This

result is consistent with a recent report that 4E-BP1, a down-

stream effector of mTOR signaling, is hyper-phosphorylated in

M phase (Shuda et al., 2015). The functional significance of the

translational upregulation of TOP genes remains to be explored.

One possibility is that upregulation of translation machinery in
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Mphasemay support efficient protein synthesis for upcomingG1

phase. Our clustering data suggest that the presence of TOP

element alone does not fully account for translational upregula-

tion of many genes in M phase. This suggests that there could

be additional RNAmotifs or protein factors thatmightwork in par-

allel to upregulate translation of specific transcripts in M phase.

Our current study poses interesting questions and provides rich

resources for future studies of the mechanisms and functional

ramifications of gene regulation in M phase.

EXPERIMENTAL PROCEDURES

TAIL-Seq

TAIL-seq was performed as described previously (Chang et al., 2014). In brief,

90 mg of total RNA extracted by TRIzol (Life Technologies) was DNase-treated

and purified (>200 nt) by RNeasy MinElute cleanup column (QIAGEN). rRNAs

were depleted by using Ribo-Zero kit (Epicenter) and remaining RNAs were

ligated to the biotinylated 30 adaptor and partially digested by RNaseT1 (Am-

bion). Fragmented RNAs were pulled-down by streptavidin beads and eluted

RNAs were phosphorylated at the 50 end. RNAs were size-fractionated by gel

purification (500–1,000 nt), and purified RNAs were ligated to 50 adaptor,

reverse-transcribed, and amplified by PCR. PCR products were purified using

AMPure XP beads (Beckman), and cDNA libraries were sequenced by Illumina

HiSeq 2500 (513 251 bp paired end run) with PhiX control library and spike-in

mixture with various poly(A) lengths.

Ribosome Profiling

Ribosome profiling libraries were prepared using ARTseq Ribosome Profiling

Kit (Epicenter) with some modifications. HeLa cells were grown in two

150-mm dishes, harvested, and lysed with lysis buffer. For nuclease digestion,

250 ml of cell lysates were treated with 3 ml of ARTseq nuclease at 4�C for

45 min at room temperature (RT). Monosomes were purified using MicroSpin

S-400 column by centrifuging for 2 min at 600 3 g. RNAs in the flow-through

were purified and depleted of rRNAs using Ribo-Zero kit (Epicenter). rRNA-

depleted RNA fragments were then radiolabeled, and �30 nt region was

purified using 15% Urea-PAGE. Purified RNAs were treated with Antarctic

phosphatase (NEB), 50 phosphorylated and gel purified to remove free ATP.

Resulting RNAs were subjected to 30 adaptor ligation, and gel purified ligated

products were ligated with the 50 adaptor. Adaptor ligated RNAs were reverse

transcribed and amplified to yield final ribosome profiling library. The cDNA

libraries were sequenced by Illumina HiSeq (1 3 51 bp single run).

mRNA-Seq

For mRNA-seq, total RNA extracted by TRIzol (Life Technologies) was treated

with DNaseI (Takara) and purified by RNeasy Minelute Cleanup kit (QIAGEN).

For mRNA enrichment, total RNAs were treated with either Ribo-Zero kit

(Epicenter) or Dynabeads mRNA DIRECT kit (Invitrogen). RNAs (5 mg) were

fragmented by incubating in the fragmentation buffer provided by NEBNext

Magnesium RNA Fragmentation Module at 95�C for 6.5 min. Fragmented

RNAs were size-selected for 60–80 nt RNAs, dephosphorylated by Antarctic

phosphatase (NEB), and 50 phosphorylated by PNK reaction (Takara). RNAs

were then subjected to the library preparation protocol used in ribosome

profiling described above. The cDNA libraries were sequenced by Illumina

HiSeq (1 3 51 bp single run).
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