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Abgract

3'UTRs play important roles in the gene regulation network viatheir influence on mRNA sability,
trandational efficiency and subcellular localization. For a given gene, 3UTRs of different lengths
generated by aternative polyadenylation (APA) may result in functional differencesin regulation. The
mechanistic details of how length changes of 3'UTRs alter gene function remains unclear. By
combining APA sequencing and polysome profiling, we observed that mRNA isoforms with shorter
3'UTRs were bound with more polysomes in six cell lines but not in NIH3T3 cells, suggesting that
changing 3'UTRs to shorter isoforms may lead to a higher gene trandational efficiency. By interfering
with the expression of TNRC6A and analyzing AGO2-PAR-CLIP data, we revealed that the APA
effect on translational efficiency was mainly regulated by miRNA and this regulation was cell cycle
dependent. The discrepancy between NIH3T3 and other cell lines was due to contact inhibition of
NIH3T3. Thus, the crosstalk between APA and miRNA may be needed for the regulation of protein

trandational efficiency.
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I ntroduction

The flow of genetic information from the genome to the proteome is mediated by the mRNA
transcriptome, which is highly regulated at specific biological stages during the life cycle. Precise
regulation of gene expression networks includes not only the regulation of mRNA quantity but also of
mRNA isoforms by alternative initiation, alternative splicing and alternative polyadenylation (APA).
APA is a wide-spread phenomenon in the transcription of eukaryotic genes and produces different
MRNA isoforms as well as increases the complexity of gene regulation networks. APA can be
classified into two types (Di Giammartino et a. 2011): 1) CR-APA, which can change coding region
sequences and then generate different protein isoforms; 2) UTR-APA, which isusually localized in the
last exon and can produce mRNA isoforms with different 3UTR lengths.

3'UTR length changes due to UTR-APA are associated with cell proliferation and transformation
as well as specific biological functions. Global shortening of 3'UTRS has been observed in tumor cells
(Mayr and Bartel 2009; Fu et al. 2011; Lin et a. 2012; Xiaet a. 2014) and activated T cells (Sandberg
et al. 2008; Gruber et al. 2014). Zebrafish embryo development shows a "V" shape trend of global
3'UTR length changes (Li et al. 2012), and mouse embryo development displays a trend of a
progressive lengthening of 3'UTRs (Ji et a. 2009). Significantly longer and shorter 3'UTRs were
observed in the fruit fly brain and testis, respectively (Smibert et al. 2012), and lengthening of 3UTRs
was also observed in the human brain (Derti et al. 2012). Furthermore, shortening of 3'UTRs due to
APA switching was also found in response to stimuli in neurons (Flavell et al. 2008) and to vira
infections in macrophages (Jia et al. 2017). Though APA was found to be associated with many
biological processes, the mechanistic roles that APA plays in these biological processes are ill not

well-understood.
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Bound by RNA-binding proteins and miRNAs, 3'UTRs exert important roles in mRNA stability,
trandational efficiency and subcellular localization. It is known that the initiation of translation
requires the communication between the 5' cap and 3' poly(A) tail of mRNA (Wells et a. 1998).
MiRNAS can interact with the mRNA loop and suppress protein trandation by binding to the 3UTR.
In this process, TNRC6A (also known as GW182) protein plays a central role as a hub that bridges the
interaction between AGO proteins and several downstream factors, such as PABPC1 and CNOT1
(Iwakawa and Tomari 2015). RNA-binding proteins, for example, ELAVL1 (Poria et a. 2016) and
CPEB1 (Stebbins-Boaz et a. 1999), can aso contribute to translational regulation by competing with
miRNA for binding to the 3'UTR. Intuitively, UTR-APA is assumed to affect the trandational
efficiency viagain or loss of cis-factorson 3UTRs.

Several studies using luciferase reporter assays of several genes have shown that mRNA isoforms
with proximal APA sites yielded higher protein production than those with distal APA sites (Sandberg
et al. 2008; Mayr and Bartel 2009). Using APA sequencing and quantitative mass spectrometry, Gruber
et al. found that 3'UTR shortening was not accompanied by a corresponding change in protein levels
during the activation of T cells (Gruber et al. 2014). However, this result does not indicate a limited
effect of APA on translational efficiency since both the mRNA level and trandational efficiency can
contribute to the protein level, and their effects could not be separated in that study. Polysome
profiling, which fractionates mMRNASs based on the number of bound ribosomes, is normally used to
monitor the trandational activity of mRNA in cells. A combination of polysome profiling and APA
sequencing techniques provides an adequate way to evaluate the effect of APA on the mRNA
trandational efficiency by comparing the distribution of mRNA isoforms among polysome fractions.

Using polysome profiling and APA sequencing, Spies et al. found that isoforms with longer 3UTRs


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 11, 2026 . Published by Cold Spring Harbor Laboratory Press

had a dightly increased translational efficiency in the mouse NIH3T3 cell line (Spieset al. 2013). This
contradictory result suggest an urgent need to further study the relationship between APA and

trandational efficiency as well as its mechanism.

Results
Shortened 3'UTRsin the polysome-bound fraction

With our newly developed method of polysome profiling and APA sequencing (IVT-SAPAS; Fu
et al. 2015), we explored the effect of APA on trandational efficiency in five human cell lines and two
mouse cell lines. We performed polysome profiling according to the previously reported protocol
(Gandin et al. 2014): 1) immobilize ribosomes on mMRNA with CHX + media; 2) fractionate RNAS
with sucrose-gradient ultracentrifugation; and 3) extract total RNAs from each fraction. Then, we
mixed the polysome-bound and -unbound fractions and performed APA sequencing with the
IVT-SAPAS method (Supplemental Fig. S1). Three biological replicates for each cell line, except
MCF10A, were conducted in the experiments. On average, we obtained approximately 8.3 million
reads that were uniquely mapped to the genome after filtering internal priming for each sample. A
summary of the sequencing datais shown in Supplemental Table S1.

To invedtigate whether 3'UTR length changes due to APA can affect trandational efficiency, we
first standardized the 3'UTR length by designating the longest 3'UTR as 1.0 and then calculated the
weighted average of the 3'UTR length for each gene in each sample. A notched boxplot across genes
(Fig. 1) shows that the 3UTRs in the polysome-bound fraction are shorter than those in the
polysome-unbound fraction for each replicate of each cell line, except the mouse NIH3T3 cell line. To

test whether this result is statistically significant, we fit the data to a mixed linear model with genes
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and replication as random effects. The ANOVA F-test reveals that the shortening of 3UTRs in the
polysome-bound fraction in human MCF-7, MCF10A, NCM460, SW480, and RKO cells and mouse
L929 cells is statistically significant, with p<2.2x10™, suggesting that the mRNA isoforms with
shorter 3UTRs may have a higher translational efficiency. However, for the mouse NIH3T3 cell line,
the 3'UTRs in the polysome-bound fraction are longer, with weak significance (p=0.01014). This
result is consistent with a previous report that showed that mRNA isoforms with longer 3UTRs
exhibited a slightly greater trandational efficiency in the mouse NIH3T3 cell line (Spies et al. 2013).

To find genesthat have different 3UTR lengths in the polysome-bound and -unbound fractionsin
each cell line, we combined replicate data of each cell line and performed a test of linear trend
aternative to independence (Agresti 2002). In the mouse NIH3T3 cell line, there are 86 and 92 genes
with significantly shorter and longer 3'UTRS, respectively, in the polysome-bound fraction than the
polysome-unbound fraction (Fig. 2). However, the other 6 cell lines have considerably more genes
with shorter 3'UTRs in the polysome-bound fraction.

Taken together, the above results suggest that mRNA isoforms with shorter 3UTRs may have a
higher tranglational efficiency than those with longer 3UTRs in the tested cell lines, except the mouse
NIH3T3 cell line.

To validate these results, we first performed polysome profiling and gRT-PCR. Twelve genesin
MCF-7 cells and five in MCF10A cells with shorter 3'UTRs in the polysome-bound fraction were
chosen (Supplemental Fig. S2). We calculated the proportion of mRNA for each fraction using the
primers located in the common and extended regions. For all genes, the mRNAs with shorter 3'UTRs
shifted to the heavier fraction (Fig. 3A). Next, we performed a dual-luciferase experiment to directly

measure the differences in the proteinfmRNA ratios between longer and shorter 3'UTRs (Fig. 3B).
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Five genesin MCF-7 cells with shorter 3'UTRs and six genes in NIH3T3 cells with longer 3UTRs in
the polysome-bound fraction were chosen. We fused the 3'UTRs of the tested genes downstream of the
renilla luciferase open reading frame. After normalization to the firefly luciferase on the same plasmid,
we measured the translational efficiency as the protein/fmRNA ratio. Three genes in MCF-7 cells and
four genes in NIH3T3 cells showed significantly higher and lower trandational efficiencies,
respectively, with shorter 3'UTRs (Fig. 3C). The other two genes in NIH3T3 aso showed a lower

trandational efficiency with shorter 3UTRs, although they were not dtatistically significant.

MiRNA contributesto the trandational efficiency difference

mMiRNA plays important roles in the post-transcriptional gene regulation network. miRNA
mediates mMRNA decay and trandational repression in animals by recognizing the 3'UTRs of target
MRNA (Fabian et al. 2010; Iwakawa and Tomari 2015). Therefore, mMRNA with shorter 3'UTRs may
escape the translational repression effect of mMiRNA. To test whether miRNA contributes to the above
finding that mRNAs with shorter 3'UTRs have a higher translational efficiency, we must
simultaneously consider both the position of the miRNA binding site on the 3UTR and miRNA
expression in the cells. The AGO2-PAR-CLIP method provides an appropriate way to identify the
target sites of endogenous miRNA in a genome. We downloaded the AGO2-PAR-CLIP data of the
MCF-7 cell line (Farazi et al. 2014), which provided 3,597 canonical miRNA-target interactions with
2,863 targets. We mapped them to our data and found that 1,070 binding sites mapped to the 3UTRs
of 771 genes with UTR-APA. To check the contribution of miRNA to the translational differences of
mRNA isoforms, we classified these genes into two classes (Fig. 4A) based on the position of the

MiRNA target and APA sites: i) a 3'UTR extended region with miRNA binding sites (558 genes); ii) a
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common but not extended region with miRNA binding sites (213 genes). If miRNA can generally
repress translation, we would expect that mRNAs with shorter 3'UTRs should have a higher
trandational efficiency in Class | genes compared to Class Il genes. A negative Pearson correlation r
of the 3UTR length and polysome fraction (calculated in the test of linear trend alternative to
independence) means shorter 3UTRs in the polysome-unbound fraction. We plotted the empirical
cumulative distribution of the r value for the genes in each class (Fig. 4B). The Mann-Whitney U test
shows that APA in Class | genes has significantly greater effects on polysome binding than those in
Class Il genes (Mann-Whitney U test p=5.051x10""). Therefore, the higher trandational efficiency of
MRNA isoforms with shorter 3'UTRs may benefit from escaping the repression of miRNA.

Then, to what extent does miRNA contribute to the higher translational efficiency of mRNA
isoforms with shorter 3UTR? It is well-known that the TNRCB6A protein plays akey role in translation
repression of miRNA and that disruption of the TNRC6A-AGO interaction can abrogate its repression.
Here, we first interfered with the expression of TNRC6A in the MCF-7 cell line using two different
siRNAs (Fig. 4C and 4D) and then performed APA sequencing of the polysome profiling fractions
(Supplemental Table S1). The results showed that the 3'UTR length difference between the two
fractions almost disappeared in cells with the TNRC6A-knockdown (Fig. 4E) compared to that of
control cells (Fig. 1). To detect the datistical significance of the TNRC6A-knockdown, we fit the
3'UTR length datato alinear mixed model. The ANOVA F-test showed that the interaction term of the
polysome fraction and TNRCBA-knockdown was significant with p<2.2x10™®, suggesting that the
difference of the 3'UTR length between polysome-bound and -unbound fractions in knockdown cells
was significantly smaller than that in control cells, which indicates that miRNASs play a very important

role in APA regulation of translational efficiency.
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We validated the result of TNRC6A-knockdown with dual-luciferase experiment for five genes
in MCF-7 cell line. We measured the protein/fmRNA ratios for longer and shorter 3'UTRSs respectively,
and then calculated the translational efficiency ratios between the shorter and longer 3UTRs. Four
genes showed significant lower ratio with TNRC6A-knockdwon than the control (p<=0.001), and
another gene also showed the same trend though without dtatistical significance (p=0.195) with
bootstrap test (Supplemental Fig. S3).

We also overexpressed TNRC6A in NIH3T3 cells (Fig. 4C and 4D) but only observed a very
slight shortening of the 3'UTR in the polysome-bound fraction compared to the polysome-unbound
fraction (Fig. 4E). Thus, determining what makes NIH3T3 cell different from other cell lines in the

APA regulation of translational efficiency requires further analysis.

Cédll cycleisrelated to the APA regulation of trandational efficiency

It is known that the NIH3T3 cdll line has a high degree of contact inhibition in continued culture,
which leads it to enter the GO and G1 phases (Kuppers et al. 2010). We cultured the NIH3T3, MCF-7
and L929 cells to approximately 70% confluency and analyzed the cell cycle phases with a flow
cytometer. A higher proportion of GO/G1 cells for NIH3T3 were observed than for the other two cell
lines (Supplemental Fig. $4). To investigate whether the cell cycle phase is related to trandational
regulation by APA, we collected cells (mainly at GO/GL1) by culturing them to 100% confluency (for
NIH3T3) or serum starvation (for L929) and cells (mainly at G2/M) with a double thymidine block
and release (Fig. 5A and Supplemental Fig. S5). Both the NIH3T3 and L929 cell lines showed lower
expression of TNRC6A at the GO/G1 phase than at the G2/M phase (Fig. 5B). Consistent with the

upregulation of TNRC6A, not only L929 but also NIH3T3 cells at the G2/M phase had shorter 3UTRs
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for mRNAs in polysome-bound fraction. An example of Arf6 gene in L929 was shown in
Supplemental Fig. S6. The ANVOA F-test, by fitting to a linear mixed model, revealed that the
differences in the 3'UTR length between the polysome-bound and unbound fractions in the G2/M
phase were significantly greater than those in the GO/G1 phase (Fig. 5C). Furthermore, we also
cultured the NIH3T3 cells to approximately 50% confluency and performed polysome profiling and
APA sequencing. The result showed a significant shorter 3UTR for mRNASs in polysome-bound
fraction (p=2.316x10™ with paired t test) (Supplemental Fig. S7). We also isolated human naive T
cells in the quiescent GO phase (Supplemental Fig. S8). Similar to NIH3T3 cells, naive T cells dso
had longer 3'UTRs in the polysome-bound fraction (Fig. 5C). This result is also consistent with the
lower expression of TNRC6A in naive T cellsthan that in activated T cells(Yang et a. 2004).

The above results suggest that the different trandational efficiencies of mRNA isoforms due to
APA are regulated by miRNA and that this regulation is mediated by TNRC6A expression, which is

cell cycle-dependent.

Discussion

Recently, genome-wide 3'UTR length changes due to APA have been found in many biological
processes (Elkon et al. 2013), indicating that APA may play an important role in the gene regulation
network. Given the canonical functions of the 3UTR in mRNA dability, translational efficiency and
sub-cellular localization, it is assumed that APA may affect these functions through a loss or gain of
cisfactors in the extended region of the 3'UTR. Here, through polysome profiling and APA
sequencing, we investigated the effects of APA on the translational efficiency in 5 human and 2 mouse

cell lines. We found a trend of shorter 3'UTRs in the polysome-bound fraction in 6 cell lines, except
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the mouse NIH3T3 line, and this result, to some extent, shows that mMRNAs with shorter 3UTRs have
ahigher trandational efficiency in these cell lines.

In principle, trandational efficiency is controlled by both trandation initiation and the elongation
rate, and these two factors have opposite effects on the number of polysomes on mRNA. However, it
has been found that trandation is predominantly controlled by trandation initiation, with little
contribution from the elongation rate (Hoffman et al. 2016), so polysome profiling is still a suitable
tool to study the genome-wide trandational efficiency. Furthermore, compared to the recently
developed ribosome profiling, polysome profiling does not fragment mRNAS, so it is suitable to
measure the differences in trandationa efficiency between mRNA isoforms (Sterne-Weiler et al.
2013). Polysome profiling has been successfully used to study the difference in translational efficiency
between alternatively spliced mRNAs (Sterne-Weiler et al. 2013) and APA (Spies et al. 2013). Spies et
al. found a weak but significant bias toward a higher translational efficiency for longer 3'UTRs in the
mouse NIH3T3 cell line using polysome profiling (Spies et al. 2013). We also consistently observed
this trend for the NIH3T3 cell line in our experiment. This reproducibility also suggests that our
finding of a higher translational efficiency with shorter 3UTRs in 6 other cell lines is reliable and
informative.

mMiRNASs can repress translation at the initiation step (Fabian et al. 2010; Huntzinger and
|zaurralde 2011; Iwakawa and Tomari 2015), and the extended region of the 3'UTR contains a larger
number of mMIRNA binding sites than the common region (Sandberg et a. 2008). Thus, we
hypothesized that miRNAs may mediate the trandational efficiency differences in mRNA isoforms
with different 3'UTR lengths. Combining the AGO2-PAR-CLIP data (Farazi et al. 2014) and our

sequencing data of the MCF-7 cell line (Fig. 4), we confirmed that the higher translational efficiency
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of mMRNA isoforms with shorter 3'UTRs can benefit from escaping the repression effect of miRNAs.

TNRCG6A can bind the AGO protein of the miRISC and the effectors of trandational repression
and thus mediate the trandational repression of miRNAs. To further investigate the contribution of
mMiRNA to the APA regulation of trandational efficiency, we performed a knockdown of TNRC6A
with siRNA. This knockdown almost abrogated the difference in the translational efficiency of
mRNASs due to APA, suggesting that the difference in translational efficiency due to APA is mainly, if
not completely, dominated by miRNA.

However, upon overexpression of TNRC6A, NIH3T3 till did not display a significantly shorter
3'UTR in the polysome-bound fraction as did the other cell lines. AGO, TNRC6A and mRNAs
repressed by miRNAs are all enriched in GW or P bodies, and a correlation between miRNA-mediated
trandational repression and GW bodies was observed (Filipowicz et al. 2008; Fabian et al. 2010).
Furthermore, GW bodies are larger and more abundant in the late S and G2 phases but smaller and
fewer in the GO and G1 phases (Yang et a. 2004). NIH3T3 is a mouse embryonic fibroblast cell line
with a high degree of contact inhibition in continued culture (Kuppers et a. 2010), and a high
proportion of NIH3T3 cells are arrested at the GO/G1 phase, which may explain the difference of the
NIH3T3 line from the other cell lines regarding the regulation of translational efficiency by APA.
Furthermore, we observed shorter 3'UTRs in the polysome-bound fractions for both the NIH3T3 and
L293 cells at the G2/M phase but not the GO/G1l phase, which was consistent with the higher
expression of TNRC6A in cells at the G2/M phase than that at the GO/G1 phase. It is well-known that
naive T cells are at quiescent GO phase. Similar to NIH3T3 cells, naive T cells also showed slightly
longer 3UTRs in the polysome-bound faction. Furthermore, the Steitz group showed that while

MiRNAS repress trandation in proliferating cells, they can activate trandation in quiescent cells
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arrested at the GO/G1 phase (Vasudevan and Steitz 2007; Vasudevan et al. 2007; Vasudevan et al. 2008;
Truesdell et al. 2012). This result suggests that the difference in trandational efficiency between
MRNA isoforms with different lengths of 3UTRs due to APA is regulated by miRNA and the
regulation iscell cycle-dependent.

In short, we found a higher trandational efficiency of mRNAs with shorter 3UTRs in
proliferating cells, but not quiescent cells. These results are consistent with the fact that proliferating
cells usually have shorter 3UTRs than quiescent cells. Our mechanistic study here further indicates a

crosstalk between APA and miRNA.

M ethods
Cel cultures

A breast cancer cell line, MCF-7, was cultured in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and 10 pg/ml human recombinant insulin, and a
normal human mammary epithelial cell line, MCF10A, was cultured in DMEM supplemented with 5%
horse serum, 20 ng/ml EGF, 0.5 pg/ml hydrocortisone, 0.1 pg/ml choleratoxin and 10 pg/ml human
recombinant insulin. A normal human colon mucosal epithelial cell line, NCM460, and two colon
cancer cell lines, SW480 and RKO, were maintained in RPMI 1640 supplemented with 10% FBS. A
murine embryonic fibroblast cell line, NIH3T3, and another fibroblast cell line, L929, were cultured in
DMEM formulated with 10% FBS. All media were supplemented with 100 units/ml penicillin and 100
pg/ml streptomycin.
I solation of naive T cell and flow cytometer analysis

Human peripheral blood mononuclear cells (PBMCs) were purchased from LDEBIO (Guangzhou,
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China). CD4" naive T cells were isolated from PBMCs using the naive CD4" T Cell Isolation Kit I
(Miltenyi Biotec, 130-094-131) according to the manufacturer’s recommendations. Purified CD4"
naive T cells were stained by APC Conjugated anti-CD45RA (BD Biosciences, 561884) and FITC
Conjugated anti-CD4 antibodies (BD Biosciences, 550628) to analyze the proportion of
double-positive cells with a FACS Calibur flow cytometer (BD Biosciences).
Céll synchronization and cell-cycle analysis

NIH3T3 and L929 G2/M phase cells were obtained by a double thymidine block and release. In
brief, cells at ~30% confluency were cultured in a medium that contained 2 mM thymidine (Sigma) for
19 hr, washed 3 times in PBS and replaced with complete DMEM. After 8 hr, the complete culture
medium was replaced with 2 mM thymidine DMEM for 19 hr. Cells were then washed with PBS and
released after 9 hr for NIH3T3 cells and 8 hr for L929 cells to perform polysome profiling. L929
GL/GO cells were obtained by serum sarvation. In short, L929 cells were cultured in DMEM
containing 0.1% FBS for three days for cell cycle analysis and polysome profiling. Cell-cycle analysis
was performed on cells fixed in 75% ethanol prior to ribonuclease digestion and staining with 40
mg/ml propidium iodide (Sigma). NIH3T3 cells at the GO phase were acquired by continuous contact
inhibition for 48 hr after reaching a 100% confluent monolayer density. To measure the proportion of
cells in the GO phase, cells were stained with a FITC Conjugated Ki-67 Monoclonal Antibody
(eBioscience, 11-5698-82) and FITC Conjugated Rat 1gG2a kappa |sotype Control (eBioscience,
11-4321-81) and then analyzed with a FACS Calibur flow cytometer (BD Biosciences) according to
the manufacturer’s recommendations.
Western blot analysis

Cells were washed three times with PBS and lysed in RIPA lysis buffer at 4°C for 30 min. The

14
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total protein concentration was measured by the Micro BCA™ Protein Assay Kit (Thermo Scientific),
and proteins were separated by SDS-PAGE. A wet transfer system (Tanon) was applied to transfer
proteins to nitrocellulose membranes for 16 hr at 4°C. The membrane was blocked in 5% non-fat milk
and incubated with a rabbit anti-TNRC6A antibody (Novus Biologicals, NBP1-28751) for 2 hr at
room temperature. Then, the membrane was washed with TBS-T and incubated with the
corresponding secondary anti-rabbit HRP-antibody (Cell Signaling Technology, 7074S) for 1 hr.
Protein signals were detected by Pierce™ ECL Western Blotting Substrate (Thermo Scientific) after
TBS-T washing.
Polysome profiling

Polysome fractionation was performed based on the previously reported protocol (Gandin et al.
2014). Briefly, cells were treated for 5 min with cycloheximide at a final concentration of 100 pg/ml
and then lysed with hypotonic buffer (5 mM Tris-HCI. pH 7.5, 2.5 mM MgCI2, 1.5 mM KClI, 100
pg/ml CHX, 2 mM DTT, 0.5% Triton X-100, 0.5% sodium deoxycholate, 1x protease inhibitor
cocktail (EDTA-free) and 2 units'ul RNAse inhibitor). Cytosolic extracts were ultra-centrifuged with a
5% to 50% sucrose gradient buffer (200 mM HEPES, pH 7.6, 1 M KCI, 50 mM MgCl2, 100 pg/ml
cycloheximide, 1x protease inhibitor cocktail (EDTA-free), 100 unitsyml RNase inhibitor) prepared
using the Gradient Station (Biocomp). Fractions were collected with the Gradient Station. We then
merged them into polysome-bound and unbound fractions based on the OD254 values. Total RNA for
each merged fraction was extracted from the cells using a QIAGEN RNeasy® Mini kit and maintained
at equal volumes of RNase-free water. The quality of the samples was checked with agarose gel
electrophoresis and the OD260/280 ratios.

APA sequencing and analysis
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APA sequencing was performed with the IV T-SAPAS method as described previously (Fu et al.
2015). Sequencing data were analyzed with our in-house pipeline (Fu et al. 2011; Fu et al. 2015).
Sequencing reads were mapped to the human hgl9 and mouse mm9 reference genomes, and internal
priming was filtered. Next, poly(A) sites were defined for each sample by clustering the unique
mapped reads, and then, the poly(A) sites were merged together across samples. We realigned the
sequencing reads of MCF-7 and L929 to the GRCh38 (hg38) and GRCm38 (mm10), respectively, and
observed similar mapping rates and 3'UTR difference changes, suggesting that the version of genome
assembly has little influence on the conclusions.

To reduce the variance of the 3UTR length across genes, we standardized the length by
designating the longest 3UTR as 1.0 and calculated the weighted mean of the 3UTR length with
multiple APA sites for each gene. The boxplots of the 3UTR length were drawn with the ggplot2
package (ggplot2.org) in R software (R Core Team). To test whether there was an overall 3UTR
length difference between fractions with and without polysome bound for each cell line, we fitted the
data to a mixed linear model: y;; = p+ P, + R; + Gy + €;j,, where y;;; is the 3UTR length for
fraction i (i=0: polysome unbound; i=1: polysome bound), replicate j (j=1, 2, 3) and gene k (k=1...#);
u represents an overall mean value; P is the fixed effect of polysome fraction; R is the random effect
due to experiment replication; G is the random effect due to the gene; and ¢ is the random error. The
Imed package (https://CRAN.R-project.org/package=Ime4) in R (R Core Team) was used to fit the
model, and then, the ANOVA F-test was performed to test the fraction effect. To test the effect of
TNRC6A on translational efficiency due to APA, we fit the data into a linear mixed model: y;;, =
p+ E + P+ E: P+ R + G + €;55,, where E; is the treatment (I=0: control, 1=1: knockdown or
overexpression) and the interaction effect represents the effect of TNRC6A knockdown or
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overexpression on the APA-regulated trandational efficiency. The linear mixed model was also used to
test the difference between cell cycles with the cell-cycle phase as the treatment.

A test of the linear trend alternative to independence (Agresti 2002) was used to detect the
tandem 3'UTR length difference between samples (Fu et al. 2011; Fu et a. 2015). We denoted the
fraction without polysomes as 0 and the fraction with polysomes as 1, and a negative Pearson
correlation r indicates that the fraction with polysomes harbors shorter 3UTRs than the fraction
without polysomes, and vice versa.

Validation Experiments

Two pairs of primers located in the common and extended regions were designed for 17 genes
(Supplemental Table S2). An equal volume of RNASs for each fraction was used to perform gRT-PCR.
For each pair of primers, we calculated the fold-change of each fraction compared to the #1 fraction
and subsequently calculated the proportion of each fraction for each pair of primers.

A dual-luciferase reporter assay was used to vaidate the tranglation difference of the 3UTRs.
Longer and shorter 3'UTRs were cloned downstream of the renilla ORF of psiCHECK-2 (Promega).
The luciferase activity was measured by the GloMax Discover System (Promega) according to
manufacturer’s recommendations, and the mRNA levels were measured by gRT-PCR. Six replicates
were performed for each 3UTR isoform. The renilla fluorescence and mRNA levels were normalized
to the firefly fluorescence and mRNA levels, respectively, for each 3'UTR isoform, and then, the
proteinfmRNA ratios were calculated, and one-tailed Student’s t-test was performed. The primers are
shown in Supplemental Table S3.

AGO-PAR-CLIPdata analysis

We downloaded the AGO2-PAR-CLIP data of the MCF-7 cell line (Supplemental Table S3 in
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their paper (Farazi et al. 2014)) and mapped the target sequences to the 3UTR. Then, based on the

position of the target and APA sites, we classified the genes with UTR-APA into two classes (Fig. 4A).

The Pearson correlation r between the 3'UTR length and polysome fraction in the test of linear trend

aternative to independence measured the trandational efficiency difference between the fractions with

and without polysomes bound. The Mann-Whitney U test was performed to compare the difference in

r values between the two classes of genes.

K nockdown and overexpresson of TNRC6A

Human TNRC6A siRNA was synthesized (RiboBio, Guangzhou) (Supplemental Table $4). The

siIRNAs were transfected into MCF-7 cells at a final concentration of 50 nM using Lipofectamine

RNAIMAX Reagent (Invitrogen). Total RNA extracted from L929 cells using TRIzol Reagent (Life

Technologies) was used for cDNA synthesis by SuperScript® |11 Reverse Transcriptase (Invitrogen)

and an oligo (dT) primer. The cDNA thus obtained was used as a template to amplify the mouse

full-length TNRC6A gene (NM_144925), which was cloned into the pcDNA3.1-FLAG (Invitrogen)

expression vector. The plasmids were transfected using Lipofectamine 3000 (Invitrogen) following the

manufacturer’s instructions.

Data access

All raw sequence data from this study have been submitted to the NCBI Sequence Read Archive

(SRA) (http://www.ncbi.nim.nih.gov/sra) under accession number SRP121057.
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FigureLegends

Fig. 1. Notched boxplot of the weighted mean of the 3UTR length shows the trandational
efficiency difference of mRNAs with different 3'UTR lengths. For each gene with UTR-APA, the
length of each 3UTR isoform was normalized to the longest 3'UTR, and the weighted mean of 3UTR
length was calculated. P values were obtained with the linear mixed model and F-test.

Fig. 2. Numbers of genes with significant 3'UTR length differences between fractions with and
without bound polysomes. The data for different biological replicates for each cell were combined. A
test of linear trend alternative to independence was performed, and FDR<0.01 and |r[>0.1 corresponds
to asignificant threshold.

Fig. 3. Validation of the trandation efficiency difference between longer and shorter 3'UTRs. A)
Heatmap of the proportion of mRNA for polysome fractions measured by qRT-PCR. For each gene,
two pairs of primers located in the common and extended regions of the 3'UTR were designed to
measure the expression levels of total and longer mMRNA, respectively. C: Primers located in common
regions; E: primers located in extended regions. B) Scheme of the dual luciferase reporter assay of
psiCHECK-2. Longer and shorter 3'UTRs were cloned downstream of the renilla ORF. Blue lines
represent the inserted 3UTR. C) Quantification of the renilla protein/mRNA ratio (meantSE). The
renilla fluorescence and mRNA level were normalized to firefly fluorescence and the mRNA level,
respectively. Student’s t test was performed to test the difference between longer and shorter 3'UTRs.
Fig. 4. miRNAs contribute to the trandational efficiency difference between longer and shorter
3'UTRs. A) Genes were classified into two classes based on the position of miRNA targets and APA
sites. B) Cumulative distribution of Pearson’sr in the test of linear trend alternative to independence.

Statigtically significantly smaller r-values were observed in Class | genes. C and D) gRT-PCR and
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western blot analysis of TNRC6A in the MCF-7 (knockdown) and NIH3T3 (overexpression) cell lines,
respectively. E) Notched boxplot of the weighted mean of the 3'UTR length for cells with the
TNRCB6A knockdown and overexpression.

Fig. 5. Cdll cycle and trandational efficiency. A) The percentage of cellsin acell cycle phase of the
NIH3T3 cell line after cell synchronization with a double thymidine block and release, and contact
inhibition. B) Western blot analysis shows higher expression of TNRC6A in the G2/M phase in the
NIH3T3 and L929 cell lines. C) Notched boxplot of the weighted mean of the 3'UTR length for
NIH3T3 and L929 cells obtained by synchronization and naive T cells. Cells at the G2/M but not

GO0/G1 phase show a higher translational efficiency of mMRNA with a shorter 3UTR.
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