3'READS + RIP defines differential Staufen1 binding
to alternative 3'UTR isoforms and reveals structures
and sequence motifs influencing binding

and polysome association

DINGHAI ZHENG,"* HANA CHO,?3% WEI WANG,"> XAVIER RAMBOUT,?? BIN TIAN,"*
and LYNNE E. MAQUAT?3

"Department of Microbiology, Biochemistry, and Molecular Genetics, Rutgers New Jersey Medical School, Newark, New Jersey 07103, USA
2De|oar‘cment of Biochemistry and Biophysics, School of Medicine and Dentistry, University of Rochester, Rochester, New York 14642, USA
3Center for RNA Biology, University of Rochester, Rochester, New York 14642, USA

“Program in Gene Expression and Regulation, and Center for Systems and Computational Biology, Wistar Institute, Philadelphia,
Pennsylvania 19104, USA

ABSTRACT

Staufen1 (STAU1) is an RNA-binding protein (RBP) that interacts with double-stranded RNA structures and has been impli-
cated in regulating different aspects of nRNA metabolism. Previous studies have indicated that STAU1 interacts extensive-
ly with RNA structures in coding regions (CDSs) and 3’-untranslated regions (3'UTRs). In particular, duplex structures
formed within 3'UTRs by inverted-repeat Alu elements (IRAlus) interact with STAU1 through its double-stranded RNA-
binding domains (dsRBDs). Using 3’ region extraction and deep sequencing coupled to ribonucleoprotein immunoprecip-
itation (3’'READS + RIP), together with reanalyzing previous STAU1 binding and RNA structure data, we delineate STAU1
interactions transcriptome-wide, including binding differences between alternative polyadenylation (APA) isoforms.
Consistent with previous reports, RNA structures are dominant features for STAU1 binding to CDSs and 3’'UTRs.
Overall, relative to short 3’"UTR counterparts, longer 3'UTR isoforms of genes have stronger STAU1 binding, most likely
due to a higher frequency of RNA structures, including specific IRAlus sequences. Nevertheless, a sizable fraction of genes
express transcripts showing the opposite trend, attributable to AU-rich sequences in their alternative 3’UTRs that may re-
cruit antagonistic RBPs and/or destabilize RNA structures. Using STAU1-knockout cells, we show that strong STAU1 bind-
ing to mRNA 3’UTRs generally enhances polysome association. However, IRAlus generally have little impact on STAU1-
mediated polysome association despite having strong interactions with the protein. Taken together, our work reveals com-
plex interactions of STAU1 with its cognate RNA substrates. Our data also shed light on distinct post-transcriptional fates
for the widespread APA isoforms in mammalian cells.
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INTRODUCTION

The RNA-binding protein Staufen1 (STAU1) plays diverse
roles in post-transcriptional gene regulation, including ef-
fects on mRNA localization, translation, and stability, some
of which may link its function to cell-cycle progression (Park
and Maquat 2013; Boulay et al. 2014). Many STAU1 prop-
erties are attributed to its (i) binding to double-stranded

(ds)RNA  structures through dsRNA-binding domain
(dsRBD) 3 and dsRBD 4 and (ii) ability to self-assemble
through intermolecular interactions between dsRBD 2
and dsRBD 5 and, separately, the STAU-swapping motif
(Martel et al. 2010; Gleghorn et al. 2013; Lazzaretti et al.
2018). While dsRBDs 3 and 4 have appreciable affinities
for RNA, the remaining dsRBDs have acquired other
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functions despite similar protein folding (Gleghorn and
Maquat 2014). Recent structural studies have indicated
that even though RNA binding by STAU1 is largely struc-
ture-based, some sequence specificity may be achieved
through interactions with bases (Lazzaretti et al. 2018).

One class of dsRNA structures in the human transcrip-
tome consists of inverted-repeat Alu elements (IRAlus),
formed by intramolecular base-pairing between partially
complementary Alus, a primate-specific, short inter-
spersed element (SINE) that accounts for ~11% of the hu-
man genome (DeCerbo and Carmichael 2005; Deininger
2011; Chen and Yang 2017). A full-length Alu is ~300 nt
and consists of 5—part A—(A)sTAC(A)s—part B—poly(A)-3',
where parts A and B are similar nucleotide sequences con-
nected by the denoted A-rich sequence (Hasler and Strub
2006; Elbarbary et al. 2016). While many Alus are tran-
scribed by RNA polymerase Il (Pol Ill) as independent
transcriptional units, they are often embedded in protein-
coding genes transcribed by Pol Il. Alus in Pol ll-transcribed
genes have been reported to impact gene expression
through a variety of mechanisms, including changes to
chromatin structure, transcription, pre-mRNA processing,
and other aspects of MRNA metabolism (Elbarbary et al.
2016; Chen and Yang 2017). Notably, a large fraction of
Alus in the human genome resides within the 3'UTR of pro-
tein-coding genes. These 3'UTR Alus have the potential to
contribute to polyadenylation site (PAS) evolution (Lee et al.
2008) and also regulate host mRNAs post-transcriptionally
(Elbarbary et al. 2016; Chen and Yang 2017).

Most human genes produce 3'UTR isoforms through al-
ternative polyadenylation (APA) (Tian and Manley 2017).
Because 3'UTRs are enriched in regulatory motifs, APA
that forms different 3’'UTRs can play important roles in
gene expression via changes in mRNA |ocalization, transla-
tion, or decay (Mayr 2019). Here we use RNA immunopre-
cipitation (IP) coupled to 3’-end sequencing (3’'READS +
RIP) to examine STAU1 binding to protein-encoding tran-
scripts, including alternative 3'UTR isoforms. We also ana-
lyze transcript abundance in cytoplasmic and polysomal
fractions of STAU1-knockout (KO) cells, and correlate our
findings with published STAU1-binding and RNA structure
data. Analysis of 3'UTR isoforms enables specific interro-
gation of how 3'UTRs, especially alternative 3'UTRs, influ-
ence STAU1 binding and functions, which hitherto have
been elusive. In these regards, we compare the contribu-
tions of IRAlus with other intramolecular RNA structures.

RESULTS

Global identification of poly(A)* transcripts that bind
STAU1

We aimed to define STAU1-bound transcripts genome-
wide, with an ultimate interest in STAU1-binding to
mRNA isoforms that differ in their 3'UTRs. To this end,
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we used CRISPR-Cas%n to generate STAUT gene knock-
out (STAUT-KO) HEK293T cells (C8) and, in parallel, iso-
genic control cells (C9) in which the same guide RNAs
failed to edit the STAUT gene (Fig. 1A). We next estab-
lished conditions in which carboxy-terminal FLAG-tagged
STAU1 (STAU1-FLAG) expression in the STAU1-KO cells
was ~1.2-fold the level of STAU1 protein in untransfected
wild-type (WT) cells (Fig. 1B). Like endogenous STAU1,
STAU1-FLAG was expressed comparably in cytoplasmic
and nuclear fractions (Fig. 1C; Elbarbary et al. 2013), indi-
cating that FLAG-tagged STAU1 can serve as a reliable
proxy for cellular STAU1. Note that the level of STAUZ,
the cellular paralog of STAU1, was not changed in
STAU1-KO cells (Supplemental Fig. STA).

We next extracted RNA before and after ribonucleopro-
tein immunoprecipitation (RIP) using anti-FLAG and total-
cell lysates of STAU1-KO HEK293T cells expressing either
STAU1-FLAG or, as a negative control, FLAG-GFP (Fig.
1C). RIP efficiency was confirmed by using RT-gPCR to
quantitate NICNT mRNA, whose 3'UTR IRAlus are known
to bind STAU1 (Elbarbary et al. 2013). As expected,
NICN1 mRNA was enriched more than 10-fold in the RIP
sample of cells expressing STAU1-FLAG compared to cells
expressing FLAG-GFP (Fig. 1D).

Having validated the RIP method by RT-qPCR, we next
subjected RNAs to 3’ Region Extraction And Deep
Sequencing (3'READS), a method we previously devel-
oped to define and quantitate the abundance of poly(A)*
transcripts based on their 3’ ends (Zheng et al. 2016). This
method, which we named 3'READS +RIP, readily ad-
dressed the issue of PCR overamplification (Supplemental
Fig. S1B; Zheng et al. 2016) and was performed in biolog-
ical duplicates (Supplemental Fig. S1C). As expected, most
(~80% of) polyadenylation site (PAS) reads in both input
and IP samples were mapped to annotated 3'UTRs (Fig.
1F, blue). Approximately 5% of PAS reads in both STAU1-
FLAG IP replicates were mapped to annotated introns
(Fig. 1F, yellow) and corresponded to intronic polyadenyla-
tion isoforms. An additional 4%-6% and 9%—-10% of reads
were mapped to noncoding RNAs (hcRNAs) and intergenic
regions, respectively (Fig. 1F, green and gray, respectively).

While 3'/READS +RIP does not provide information on
STAU1 binding sites per se, this method allows for the ef-
fective quantitation of STAU1-binding differences be-
tween 3'UTR isoforms produced from the same gene,
which to date has been elusive. For example, 3'READS +
RIP identified two NICNT mRNA 3'UTR isoforms in
HEK293T cells (Fig. 1G, red triangles). However, the iden-
tified long isoform (3'UTR size of 1886 nt), which contains
one pair of IRAlus, was >100-fold more abundant than
the shorter isoform (3'UTR size of 442 nt) based on analy-
ses of input samples (Fig. 1G). Consistent with STAU1
binding to 3'UTR IRAlus (Elbarbary et al. 2013), only the
long 3'UTR isoform was enriched in the STAU1-FLAG RIP
relative to the FLAG-GFP RIP (Fig. 1G).
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FIGURE 1. Transcriptome-wide analysis of STAU1 binding using 3'READS + RIP. (A) Western blots of lysates of wild-type (WT), STAU1-knockout
(KO, C8, red box), or isogenic control (C9) HEK293T cell lines, the last two generated using CRISPR-Cas9n (i.e., Cas nickase). Calnexin (CANX)
serves as a loading control. Here and elsewhere, lanes under the wedge are threefold dilutions of cell lysates and used for semiquantitative anal-
yses. (B) Western blots of lysates of WT and STAUT-KO (C8) HEK293T cells transiently transfected with increasing amounts of STAU1-FLAG ex-
pression vector (ug per ~3 x 10° cells in one 60-mm dish). The red box designates the amount of vector utilized in all subsequent experiments,
where the level of STAU1-FLAG was ~1.2-fold the level of endogenous STAU1 in WT HEK293T cells (the first lane of the anti-STAU1 titration
corresponds to one cell equivalent). (C) Western blots of lysates from the specified fraction of STAUT-KO HEK293T cells transiently transfected
with amounts of STAU1-FLAG expression vector equivalent to those shown in the red-boxed lane of panel B or, as a negative control, using the
same amount of FLAG-GFP expression vector. Lysates were analyzed before or afterimmunoprecipitation (IP) using anti(e)-FLAG, where fivefold
more cell equivalents were loaded after IP relative to before IP. CANX and NONO controls for the cytoplasmic and nuclear fraction, respectively,
in before IP samples. (D) Histogram representation of RT-qPCR quantitations of NICNT mRNA in the anti-FLAG IP relative to before IP using total-
cell lysates of STAUT-KO HEK293T cells transiently expressing FLAG-GFP or STAU1-FLAG, where the value in FLAG-GFP-transfected cells is set
to 1. Results are means + standard deviations (SD). n=3. (***) P<0.001 (unpaired two-tailed t-test). (E) Schematic outlining the 3'READS + RIP
procedure to analyze STAU1 binding to transcripts using samples prepared as in D. (F) Genomic distributions of poly(A) sites (PASs) detected
in different input and RIP samples. (G) UCSC tracks for the NICN1 gene using 3'READS + RIP data. Reads per million (RPM) ranges are indicated
on y-axis. Two APA isoforms were detected in HEK293T cells that derive from PASs different than those noted in the UCSC database. Their poly-
adenylation sites are depicted by red triangles, and their 3'UTR size is provided in nts. pPAS, proximal polyadenylation site; dPAS, distal poly-
adenylation site. Genomic sequence conservation, based on PhastCons scores derived from 100 vertebrate species, is shown in the bottom-
most strip. (H) Correlation between the STAU1-Binding Index (SBI) derived from two biological replicates of 3'READS + RIP and STAU1 binding
based on RIPIT data (Ricci et al. 2014) (accession number GSE52447). The SBI was calculated as the Log,(STAU1-FLAG IP RPM/FLAG-EGFP IP
RPM), and STAU1 binding with RIPiT data was calculated by Log,(STAU1 WT IP/STAU1 MT IP RIPiT reads), where WT is wild-type STAU1 and MT is
a STAU1 variant harboring a point mutation in dsRBD 3 and another in dsRBD 4, both known to disrupt RNA binding. For RIPiT, reads throughout
transcripts were merged to calculate STAU1 binding in the whole transcript. Each point represents a transcript selected from one gene. For genes
with multiple isoforms, the one with the highest expression level based on RPM in samples before IP was chosen. Pearson correlation ris indicated,
as is the Spearman correlation coefficient p.
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To quantify STAU1 binding to all transcripts, we calculated
the log, ratio of PAS read number in the STAU1-FLAG RIP
sample relative to that in the FLAG-GFP RIP sample. For sim-
plicity, this value was named the STAU1-binding index (SBI).
Note that SBIs of two biological replicates were well correlat-
ed (r=0.57, Pearson correlation, Supplemental Fig. S1C). In
addition, we found that SBls with or without normalization to
input signals were highly similar (r=0.86, Pearson correla-
tion, Supplemental Fig. S1D). For simplicity, we therefore
did not use input samples for normalization in subsequent
SBl-based analyses. As an example, the SBI for the long
3'UTRisoform of NICNTwas 1.66, placing it at the third-per-
centile of all transcripts. In contrast, the SBI of the short
3'UTR isoform was —2.31 (99th-percentile), indicating that
the short isoform is not enriched in the STAU1-FLAG RIP.

We next compared our 3'READS + RIP data with STAU1
—RNA interaction data generated by other groups
(Supplemental Fig. S2A). Ricci et al. (2014) used formalde-
hyde-based crosslinking and RNA immunoprecipitation in
tandem (RIPiT) to identify transcript regions that interact in
HEK293 cells with inducible FLAG-STAU1 but not with a
FLAG-STAU1 variant containing point mutations in
dsRBDs 3 and 4 that disrupt binding to dsRNA. We com-
pared our 3'READS + RIP data with RIPiT reads mapped
throughout the whole transcript region and found that
the two data sets were generally correlated (r=0.43, P<
2.2 x 107'¢, Pearson correlation, Fig. 1H and Supplemental
Fig. S2B), indicating that 3'READS + RIP effectively identi-
fies STAU1-bound transcripts genome-wide. Note that
the correlation was lower when RIPIiT reads in 3'UTRs only
were used (r=0.37, Pearson correlation, Supplemental
Fig. S1B), suggesting that the SBI value captures binding
to not only the 3'UTR but also the CDS and/or 5UTR.

We also compared our data to the FLAG-STAU1 iCLIP-
seq data derived by Sugimoto et al. (2015) using HEK293
cells (Supplemental Fig. S2A). Interestingly, in contrast to
our comparison with RIPiT, while STAU1 binding to full-
length transcripts as calculated using the iCLIP-seq data
showed a very modest correlation with our SBI (r=0.15,
Pearson correlation, Supplemental Fig. S2C), STAU1 bind-
ing to 3'UTRs showed a higher correlation (r=0.26, Pearson
correlation, Supplemental Fig. S1D). It is also noteworthy
that correlation between the RIPIT and iCLIP-seq data is
quite modest as well (r=0.29 for 3'UTR and =0.13 for
full-length, Supplemental Fig. S2D), indicating that each
method has its own intrinsic biases. Together, our analyses
indicate thatiCLIP may be more sensitive to STAU1 binding
in 3'UTRs, that RIPiT preferentially maps STAU1 binding in
CDSs and/or 5'UTRs, and that 3’'READS + RIP efficiently de-
tects STAU1 binding in both 3'UTRs and CDSs/5'UTRs.

STAU1 binds strongly to 3’UTR IRAlus

IRAlus in 3’'UTRs have been shown to interact with STAU1
due to their dsRNA structures (Elbarbary et al. 2013;
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Sakurai etal. 2017). To examine IRAlus-STAU1 interactions
in our data, we first identified all Alus in 3'UTRs using
PolyA_DB3, a comprehensive PAS database which we re-
cently created (Wang et al. 2018). We then grouped tran-
scripts according to Alu configurations (Fig. 2A). Of the
8557 transcripts having a detectable PAS in STAU1 IP sam-
ples (more than two reads in all 3'READS +RIP samples),
954 transcripts had at least one 3'UTR Alu. Among these,
635 had one single Alu, 118 had two Alus in the same ori-
entation, and 44 had three or more Alus in the same orien-
tation (Fig. 2B). We also identified 157 transcripts which
contained 3'UTR IRAlus, that is, at least one pair of Alus
in opposite orientations (Fig. 2B). Note that both input
and IP samples generated similar results (Supplemental
Fig. S3).

We found that the transcripts containing 3'UTR Alus, irre-
spective of the number of Alus, had higher SBIs than those
without Alus (Fig. 2C). Transcripts containing 3'UTR IRAlus
had the highest SBIs among all Alu-containing transcript
groups (Fig. 2C). Because transcripts containing 3'UTR
Alus also tend to have a longer 3’UTR than those without
Alus (Fig. 2D), we next compared Alu-containing tran-
scripts to randomly selected, 3'UTR Alu-less transcripts
with similar 3’UTR sizes (see Materials and Methods for de-
tail). Despite known examples of single 3'UTR Alus promot-
ing STAU1-binding through intermolecular base-pairing
(Gong and Maquat 2011; Gong et al. 2013), this size-cor-
rected analysis indicated that, globally, neither one Alu
nor multiple Alus in the same orientation impacted
STAU1 binding (P=0.4 and 0.5, respectively, compared
to controls, K-S test, Fig. 2E, left and middle). In contrast,
IRAlus-containing transcripts showed significantly higher
STAU1 binding compared to size-matched controls (P=
3.2 x 10713, K-S test, Fig. 2E, right).

Consistently, using gene set enrichment analysis (GSEA)
(Subramanian et al. 2005), we found that transcripts con-
taining 3'UTR IRAlus tended to be among the top tran-
scripts based on SBI ranking, reaching a peak around the
top 23rd-percentile based on enrichment score (Fig. 2F).
We therefore defined the top 20% of transcripts based
on their SBI values as high STAU1 binders in our subse-
quent analyses.

STAU1 binds secondary structures in both CDSs
and 3'UTRs

We next took an exploratory approach to systematically ex-
amine additional MRNA features that were correlated with
SBls. Based on a linear regression model (see Materials
and Methods for detail), we found that the top five most
significant features were GC content of the 3'UTR, GC con-
tent of the CDS, number of introns, CDS size, and number
of IRAlus (Fig. 3A).

We found that the top two features, GC contents of
3'UTRs and CDSs, appeared very strongly correlated with
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FIGURE 2. Alu-containing 3'UTRs and STAU1 binding. (A) Schematic showing different types of transcripts based on the number and orientation
of Alus in their 3’'UTR. Each group is specified by a different color. (B) Pie chart showing the percentage of transcripts harboring the different 3'UTR
Alus configurations illustrated in panel Ain all IP and input samples. The number of transcripts constituting each type is indicated in parentheses.
(C) Boxplot of the SBIs for the different groups of transcripts in panel A. P-values (Wilcoxon test) comparing different groups with the “No Alu”
group are indicated. (D) Cumulative fraction function curves of 3'UTR sizes for the different groups of transcripts in panel A. (E) Cumulative fraction
function curves of SBls of different groups with 3'UTR-size-matched control transcripts. Colored line in each plot corresponds to observed SBls of a
specific group of transcripts. Solid black line corresponds to expected SBls based on bootstrapped transcripts with similar 3'UTR sizes. The boot-
strapping process was repeated 100 times. Dotted black lines position the 0.05 or 0.95 percentile of bootstrapped SBls. P-values (K-S test) com-
paring observed and expected SBls, and their individual medians are shown. (F) Gene set enrichment analysis of 3'UTR IRAlus-containing
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box under the graph. The 23rd-percentile is the point at which the enrichment reaches the peak. P-value (K-S test comparing IRAlus-containing

and other transcripts) indicating significance of enrichment toward high SBI values is indicated.

one another among STAU1-bound transcripts (r=0.75,
Pearson correlation, Fig. 3B). Nonetheless, these two fea-
tures were slightly additive, because the cumulative R?,
which included both features, was greater than each indi-
vidual alone (Fig. 3A), indicating that both features are,
to some extent at least, independent determinants of
STAU1 binding. Given that STAU1 binds dsRNAs, we rea-
soned that GC content might function to help the forma-
tion of stable RNA structures. We therefore used
RNAfold (Hofacker and Stadler 2006) to predict RNA struc-
tures. Using a sliding window approach, involving RNA-
folding prediction for every 100 nt with a 50-nt overlap be-
tween adjacent windows (Khaladkar et al. 2008), we found
that transcripts with high SBls (top 20%) had significantly
lower minimum free energy (MFE) than those with low
SBls (bottom 20%) in both their 3’'UTRs and CDSs (P< 2.2
x 107" for both, K-S test, Fig. 3C), suggesting that RNA
secondary structures in both 3'UTRs and CDSs contribute
to STAU1 binding. Note that, due to the use of 100-nt win-
dows, this analysis is sensitive only to RNA structures short-

er than IRAlus (each Alu arm is ~300 nt) and thus reveals
the contribution of short non-IRAlus RNA structures to
STAU1 binding.

To examine RNA structures more directly, we analyzed
RNA structure data generated by in vivo click-selective
2-hydroxyl acylation and profiling (icSHAPE) in HEK293 cells
(Sun etal. 2019). When RNA structures were represented as
Gini indices, we found that, compared to transcripts with
low SBls, transcripts with high SBls tended to be more struc-
tured in both 3'UTRs (P=2.9 x 107*, K-S test, Fig. 3D, left)
and CDSs (P=1.2 x 1072, K-S test, Fig. 3D, right). This result
is consistent with the RNA structure prediction data (Fig.
3C), and it further confirms that both 3'UTR and CDS struc-
tures contribute to STAU1 binding.

Our findings are also supported by analysis of RIPIT
reads in 3’UTRs and CDSs, which showed correlation be-
tween 3'UTR binding and CDS binding (r=0.51, Pearson
correlation, Supplemental Fig. S2E), both being similarly
correlated with 3’'READS +RIP SBI (r=0.39 for 3’'UTRs
and =0.37 for CDSs, Pearson correlation) (Fig. 3E).
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FIGURE 3. Transcript features related to STAU1 binding. (A) Bar graph showing individual and cumulative coefficients of determination (R?) of
transcript features for SBIs using a linear regression model. GC%, GC content; Max and Min refer to the largest and smallest exon or intron of a
gene, respectively. +, positive correlation; —, negative correlation. Individual R?isfora given transcript feature, and Cumulative R?is for a com-
bination of a given feature as well as all other features with a higher individual R%. Only the most abundant transcript per gene was used for this
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according to the indicated color scheme. (C) Cumulative fraction function curves of minimum free energy (MFE) by Mfold analysis, predicting
the stability of RNA structures in the 3'UTR (left) and CDS (right) of genes grouped by SBI, including top 20%, middle 60%, and bottom 20%.
(D) Cumulative fraction function curves of the Gini coefficient measuring the degree of RNA structures identified by icSHAPE analysis in the
3'UTR (left) and CDS (right) of genes grouped by SBI, as in panel C. (E) Correlation between SBI (3'READS + RIP) and a STAU1-binding score based
on RIPIT data. The RIPIT score was individually calculated for 3'UTRs (left, 7907 genes) and CDSs (right, 8312 genes). Pearson correlation coef-
ficient () is indicated in each comparison. a.u., arbitrary units. (F) Heatmap showing SBls for genes grouped by 3'UTR size (y-axis) and CDS size (x-
axis). Genes were divided into five equally sized bins based on each axis, resulting in 25 groups. The number of genes in each group is indicated,
and the mean SBI for each group is represented by color based on the color scheme shown in the graph.

Interestingly, the third and fourth top features, that is,
number of introns and CDS size, contributed negatively
to STAU1 binding (see their negative signs in Fig. 3A).
These two features were correlated with each other (Fig.
3B). However, how they might cause inhibition of STAU1
binding is not immediately clear (see Discussion). In con-
trast, we found that 3'UTR size had a positive role in
STAU1 binding (ranked seventh in our regression result),
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which is opposite to the role of CDS size. We thus wanted
to further explore the relationship between CDS and
3'UTR sizes in STAU1 binding. We divided all transcripts
into 25 groups based on CDS and 3'UTR sizes, indepen-
dently. Supporting our conclusions, SBls increased when
3'UTR size increased for a given CDS size group (Fig. 3F).
This pattern was more obvious for transcripts with small
CDS sizes as compared to those with large CDS sizes
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(the left two columns vs. the right two columns, Fig. 3F).
Conversely, SBls decreased as CDS size increased in all
but the smallest 3'UTR size group (Fig. 3F). Taken togeth-
er, our results indicate that while RNA structures in 3’UTRs
and CDSs both contribute to STAU1 binding, 3'UTR size
and CDS size have opposing roles in STAU1 binding.

Longer 3'UTR isoforms have stronger STAU1 binding
than short isoforms

Because 3'UTR isoforms from the same gene in general
differ in their 3’UTR but not CDS or 5’UTR (illustrated in
Fig. 4A), comparison of 3'UTR isoforms provides a means
to interrogate the role of 3'UTRs without the influence of
upstream RNA sequences. To this end, we compared the
SBls of the two most abundant 3'UTR isoforms produced
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from each gene, which we referred to as the proximal
PAS (pPAS), and the distal PAS (dPAS) isoform (Fig. 4A).
Note that pPAS demarcates the boundary between the
common UTR (cUTR) and alternative UTR (aUTR), whereas
dPAS defines the 3’ end of aUTR. We found that the num-
ber of genes whose longer dPAS isoform displayed greater
STAU1 binding than the shorter pPAS isoform (474 red
genes in Fig. 4B) outnumbered by 1.6-fold those showing
the opposite trend (296 blue genes in Fig. 4B). This result
was also confirmed by analysis of SBI deciles of short and
long 3'UTR isoforms, which showed a depletion (blue col-
ors) of genes whose shortisoform had a larger SBI than the
corresponding long isoform (Supplemental Fig. S4A).Two
examples are shown in Figure 4C,D. Of the two 3'UTR iso-
forms deriving from the CALM3 gene, the longer isoform
(3'UTR size =1628 nt, SBlI=1.46) had stronger STAU1
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FIGURE 4. STAU1 binds APA isoforms with different affinities. (A) Schematics showing two alternative polyadenylation (APA) mRNA isoforms,
that s, a proximal PAS (pPAS) isoform with a short 3’'UTR, and a distal PAS (dPAS) isoform with a long 3'UTR. Common 3'UTR (cUTR) and alternative
3'UTR (aUTR) regions are indicated. (B) Scatter plot comparing the SBI of pPAS isoforms (x-axis) versus dPAS isoforms (y-axis). Red dots, genes
whose dPAS isoform has a significantly higher SBI than its pPAS isoform. Blue dots, genes whose pPAS isoform has a significantly higher SBI than
its dPAS isoform. Gray dots, genes whose dPAS and pPAS isoforms have similar SBls. Significance of difference was based on P <0.05 (DEXSeq)
and fold change >1.2. (C) The CALM3 gene encodes a dPAS isoform with a higher SBI than its pPAS isoform. UCSC Genome Browser tracks are
shown. 3'UTR sizes for the two isoforms are indicated. Genomic sequence conservation based on PhastCons scores derived from 100 vertebrate
species is shown in the bottom-most strip. (D) As in panel C, except that the pPAS isoform encoded by the VWAT gene has a higher SBI than the
dPAS isoform. (E) Cumulative fraction function curves of aUTR sizes for three groups of genes (red, gray, and blue genes corresponding to those in
panel B). P-values (K-S test) indicating significance of difference between gene groups are shown. (F) Mean ASBI between dPAS and pPAS for
APA isoforms in different aUTR-size bins. Genes were evenly divided into five groups based on aUTR size (indicated in the table nextto the graph).
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binding than the shorterisoform (3'UTR size = 150 nt, SBl =
—0.58) (Fig. 4C). In contrast, the shorter 3'UTR isoform of
the VWAT gene (3'UTR size = 979 nt, SBI = 1.4) had stron-
ger STAU1 binding than its longer 3'UTR isoform (3'UTR
size = 3093 nt, SBI=-0.05) (Fig. 4D).

In keeping with the overall trend that longer 3'UTRs had
stronger STAU1 binding than shorter 3'UTRs (Fig. 2), we
found that the regions present in longer 3'UTR isoforms
but not in shorter 3’'UTR isoforms (i.e., the aUTRs) of red
genes were significantly longer than those of blue genes
(P=1.6x10"7, K-S test, Fig. 4E). To specifically explore
the role of aUTRs, we divided genes into five bins based
on aUTR size, again using the top two most abundant iso-
forms from each gene. Consistent with the notion that
3'UTR size plays a positive role in STAU1 binding, we found
the longer the aUTR, the greater the SBI difference between
the two isoforms, with longer isoforms being progressively
stronger in STAU1 binding than shorter isoforms (P=1.6 x
1077 for gene bin 1 with the shortest aUTRs vs. gene bin 5
with the longest aUTRs, Wilcoxon test, Fig. 4F). Note that
the difference in STAU1 binding between isoforms is not
due to their differential abundance in the STAU1-FLAG- ver-
sus FLAG-EGFP-expressing cells because the blue and red
genesin Figure 4B showed similar APA profiles in these cells
(Supplemental Fig. S4B). Taken together, 3'UTR isoform
analyses confirmed the positive role of 3'UTR size in
STAU1 binding and indicate that APA isoforms can differ
substantially in their interactions with STAU1.

aUTR IRAlus lead to 3'UTR isoform differences
in STAU1 binding

We next examined the transcript features that were re-
sponsible for STAU1 binding differences between 3'UTR
isoforms. We first analyzed the contribution of Alus and
IRAlus in alternative 3’'UTRs to STAU1 mRNA binding
(Fig. 5A). Consistent with whole transcript-based analyses
(Fig. 2), using 3'UTR size-controlled sets, we found that
the presence of single or multiple Alus in the same orien-
tation in aUTRs did not differentiate 3'UTR isoforms in
STAU1 binding (P=0.41, K-S test) (Fig. 5B, left). In con-
trast, aUTR IRAlus significantly promoted STAU1 binding
for the long isoform (P=8.6 x 107%, K-S test, Fig. 5B, right).

Using Multiple Em for Motif Elicitation (MEME) (Bailey
and Elkan 1994) to identify motifs enriched in alternative
3'UTRs of transcripts with high SBls (See Materials and
Methods for detail), we found eight 29-50-nt motifs that
corresponded to segments of Alu elements in either sense
or antisense orientations (Fig. 5C). These motifs harbored
notable differences as compared to the Alu consensus se-
quence (Supplemental Fig. S5A). Differences were largely
conserved between sense and antisense MEME motifs, in-
dicating that sense and antisense Alus harboring these
motifs retain their ability to base-pair and form IRAlus spe-
cialized for efficient STAU1 binding. Consistent with this
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idea, we found that, in contrast to IRAlus-containing
aUTRs lacking MEME motifs (i.e., nonspecialized IRAlus,
blue line), IRAlus-containing aUTRs bearing sense and an-
tisense MEME motifs (i.e., “specialized” IRAlus, red line)
significantly increased STAU1 binding (Fig. 5D). Note
that similar results were obtained when RIPIT or iCLIP-
seq data were used (Supplemental Fig. S5B,C), corroborat-
ing 3'READS + RIP results.

We next developed an RT-qPCR assay to validate differ-
ential STAU1 binding to 3'UTR isoforms (illustrated in
Supplemental Fig. S5D). In this assay, two sets of primers
were used: One preferentially detected the short 3'UTR
isoform, and the other exclusively detected the long 3'UTR
isoform. Using this method and STAU1 RIP of lysates of
STAUT-KO HEK293T cells transiently expressing FLAG-
STAU1 or GFP-FLAG (as a control), we validated
that STAU1 preferentially binds to the long 3'UTR isoform
of three different transcripts, C110rf58, SPRYD7, and SSR3,
all of which contain specialized IRAlus in their aUTR (Fig. 5E).

RNA structure and sequence motifs in aUTRs cause
isoform differences in STAU1 binding

We next examined short sequence motifs in 3'UTR APA iso-
forms to confirm our finding that GC-rich sequences pro-
mote STAU1 binding (Fig. 3). Analyzing the enrichment
of nucleotide tetramers, we found that the aUTRs deriving
from genes whose longer isoform had greater binding (red
genes in Fig. 4B) were enriched in GC-rich motifs (Fig. 6A,
bottom left), whereas the aUTRs deriving from genes
whose shorter isoform had greater binding (blue genes in
Fig. 4B) were enriched in AU-rich motifs (Fig. 6A, bottom
right). Interestingly, the cUTR of red genes was also en-
riched in AU-rich motifs, and the cUTR of blue genes was
enriched in GC-rich motifs (Fig. 6A). Consistent with our
previous findings, we found that RNAfold-predicted RNA
structures in the aUTRs of red genes had significantly lower
MFE values than those of blue genes (P=28.7 x 107, K-S
test, Fig. 6B, right). Conversely, predicted RNA structures
in the cUTRs of blue genes had significantly lower MFE val-
ues than those of red genes (P=4.7 x 1072, K-S test, Fig.
6B, left).

Using RT-gPCR and STAU1 RIP of lysates of STAU1-KO
HEK293T cells transiently expressing FLAG-STAU1, or as
control GFP-FLAG, we validated for several genes differ-
ences in STAU1 binding between 3'UTR isoforms, includ-
ing PYCR3, PCYT2, and ZER1 isoforms, whose aUTRs
had high GC-content and low MFE values (Fig. 6C), as
well as HEMK1, DCAF11, and TLE3 isoforms, whose
aUTRs contained AU-rich stretches and were characterized
by high MFE values (Fig. 6D). In summary, our 3'UTR iso-
form analyses validate the contributions of aUTR structures
and sequences to STAU1 binding. Based on analyses of
cUTRs and aUTRs, we conclude that AU-rich motifs that re-
side in cis to GC-rich secondary structures could mitigate
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STAU1-binding at GC-rich structures, possibly attributable
to competition with other RBPs and/or remodeling of RNA
secondary structures (illustrated in Fig. 6E).

STAU1 binding to 3’UTRs of IRAlus-less transcripts
enhances polysome association

Given the extensive binding of STAU1 to translating tran-
scripts (Ricci et al. 2014), we next wanted to understand
how STAU1 binding impacts protein synthesis. To this

end, we carried out polysome profiling using STAU1-KO
and WT cells (Fig. 7A,B), extracted RNAs from polysomes
as well as from total cytoplasm of each cell line, and sub-
jected RNAs in each fraction to 3'READS+ analysis (Fig.
7A). For each transcript, we calculated the log, ratio of
its abundance (RPM) in the polysomal fraction relative to
the total-cytoplasmic fraction as a measure of polysome
association. This value is named P/C for simplicity. We
then compared P/C values between STAUT-KO and WT
cells, as represented by AP/C. As such, a low AP/C for a
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results.

transcript indicates decreased polysome association in
STAU1-KO cells as compared to WT cells.

We found that transcripts with high SBls (top 20% of
IRAlus-less 3’'UTRs) tended to have lower AP/C values as
compared to transcripts with low SBls (bottom 20%, medi-
an=-0.07 vs. 0.08, P=2.3x10""", Wilcoxon test, Fig.
7C). Interestingly, transcripts that contained 3'UTR IRAlus
and a high SBI were characterized by much higher AP/C
values than the IRAlus-less transcripts that had similar
SBIs (P=1.3 x 1072, Wilcoxon test, Fig. 7C). In fact, no sig-
nificant difference in AP/C could be discerned between
the former and IRAlus-less transcripts that had low SBls
(P=0.9, Wilcoxon test, Fig. 7C). Together, these results in-
dicate that, in WT cells, STAU1 binding to its target tran-
scripts enhances polysome association, unless binding is
mediated by 3'UTR IRAlus.

We next compared the polysome association of 3'UTR
isoforms (Fig. 7D). We used AAP/C to reflect the difference
in AP/C between two isoforms (long 3'UTR isoform/short
3'UTR isoform). As such, a low AAP/C indicates that the
long 3'UTR isoform has a greater decrease in polysome as-
sociation than the short 3'UTR isoform in STAU1-KO cells
as compared to WT cells. We found that genes whose
long 3'UTR isoform had stronger STAU1 binding relative
to their short isoform (red genes in Fig. 4B) displayed lower
AAP/C than those whose short isoform had stronger bind-
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ing relative to their long isoform (blue genes in Fig. 4B)
(median=-0.11 vs. 0.19, P=3.5x107°, Wilcoxon test,
Fig. 7D). This result indicates that STAU1 binding to
aUTRs selectively enhances polysome association to long
3'UTR isoforms but not to short 3'UTR isoforms. Note
that we could not conduct reliable statistical tests using
IRAlus-containing aUTRs because only a small number of
genes (20) were available for analysis.

Taken together, our data indicate that STAU1 binding to
3'UTRs enhances polysome association, and 3'UTR iso-
forms can differ substantially in their polysome association
due to selective STAU1 binding. However, IRAlus do not
appear to enhance polysome association despite their
strong STAU1 binding.

DISCUSSION

In this work, we examine STAU1 binding transcriptome-
wide in HEK293T cells using 3’READS + RIP. Compared
to other RIP methods, major advantages of our method
are its level of sensitivity and quantitative analysis of APA
isoforms. This allows us to specifically analyze 3'UTRs
based on comparison of isoforms, without the confound-
ing influences from the CDS or 5'UTR, which can be im-
pacted by cotranscriptionally “imprinted” proteins at the
nascent RNA stage, such as EJC components. As such,
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FIGURE 7. STAU1 binding promotes polysome association of IRAlus-less transcripts. (A) Schematic showing fractionation of WT or STAU1-KO
(C8) HEK293T cells for polysome profiling and 3'READS analysis. Polysome association of a transcript is represented by P/C, which is the
Logy(Ratio of RPM) for the transcript in the polysomal fraction relative to the cytoplasmic fraction. (B) Polysome profiles of WT (left) or STAU1-
KO (right) HEK293T cells. The polysome fraction is indicated by “P.” (C) Violin plot showing P/C data in KO versus WT cells (AP/C) for different
transcript groups based on SBI. Genes with 3'UTR IRAlus are analyzed as a separate group. Gene numbers are indicated in parentheses. P-values
(Wilcoxon test) comparing different groups are shown. (D) Violin plot showing AAP/C of genes, which represents the APA isoform difference in
AP/C (KO vs. WT). Different groups of genes based on SBI difference between 3'UTR isoforms are shown. Gene numbers are indicated in paren-

theses. P-values (Wilcoxon test) comparing different groups are shown.

short isoforms are de facto internal controls for long iso-
forms. APA analysis would be difficult if RNA-seq or RNA
fragment-based sequencing methods, such as RIPIT or
iCLIP-seq, were used.

SBls derived from 3’READS + RIP are generally correlat-
ed with RIPiT and iCLIP-seq data, instilling confidence in
using our approach to unravel 3'UTR isoform-specific
RNA-protein interactions. On the other hand, we note
that our biological replicates were only modestly correlat-
ed. We think this may well be an intrinsic issue with STAU1
binding since STAU1 generally binds dsRNAs without a
strong sequence preference. As such, changes in RNA
structures during sample preparation can introduce data
variability. In this vein, it is noteworthy that RIPiT and
iCLIP data also showed a quite modest correlation, high-
lighting the complexity of studying STAU1 binding.

Consistent with the dsRNA-binding affinity of STAU1,
transcripts with strong STAU1 binding tend to have either
specialized IRAlus or a high GC content that is prone to
form stable shorter secondary structures. This result is in
line with previous studies by Ricci et al. (2014) and
Sugimoto et al. (2015). Based on comparison of our data
with RIPIT data (Ricci et al. 2014), the STAU1 binding we
detect could be attributed to interactions with both
3'UTRs and CDSs. However, our 3'UTR isoform analysis al-
lowed us to specifically pinpoint the contribution of 3’UTRs

to STAU1 binding and also the consequence of 3'UTR
STAU1 binding to polysome association. Not surprisingly,
3'UTR size also correlates with STAU1 binding, presumably
because of the propensity of 3'UTRs to adopt additional
RNA structures as they get longer. Using 3'UTR isoforms,
we also found that AU-rich sequences appear to antago-
nize STAU1 binding to 3’UTR RNA structures.

One intriguing finding from our gene-feature analysis is
the negative correlation between either CDS size or intron
number and STAU1 binding. At this point, based on the
level of the significance of the correlation, we cannot dif-
ferentiate if CDS size or intron number is the primary cause.
One could imagine that CDS size plays a more determi-
nant role in STAU1 binding to translating mRNAs since
remnants of introns should be gone from mRNAs once
the post-splicing EJCs are removed by the translation of
newly synthesized mRNA (Maquat et al. 2010). However,
evidence of STAU1 binding to EJC constituents (Meyer
and Gavis 2005) supports the hypothesis that intron num-
ber could influence STAU1 binding to nuclear mRNAs or to
cytoplasmic mRNAs so as to promote their pioneer
round(s) of translation, thereby predisposing subsequent
steady-state rounds of translation (Maquat et al. 2010).

We detected significant changes in polysome associa-
tion for STAU1 target transcripts in STAUT-KO cells as
compared to WT cells, indicating that STAU1 generally
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TABLE 1. Top biological process gene ontology (GO) terms enriched in genes whose transcripts have high or low STAU1-binding

indices in HEK293T cells

P-value GO term
High binding® 1.2x107% Endomembrane system organization
1.5x107% Regulation of mitochondrial membrane potential
3.9x107% Positive regulation of phosphate metabolic process
1.2x107% Chaperone-mediated protein folding
1.3x107% Intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress
Low binding® 1.2x107% RNA processing
1.1x107% mRNA metabolic process
1.7 x107% Replication fork processing
1.9x 107 DNA-templated transcription, elongation
2.1x107°% Diterpenoid metabolic process

“Transcripts having a STAU-binding index (SBI) in the top 20% of SBls.
bTrar\scrip'cs having a STAU-binding index (SBI) in the bottom 20% of SBls.

promotes polysome association. This is consistent with
previous reports implicating a role for STAU1 in translation
(Ricci et al. 2014). However, 3'UTR IRAlus appear to have
minimal impact on polysome association, indicating that
3'UTR IRAlus-containing transcripts are metabolized differ-
ently than other STAU1-bound transcripts. Whether this is
due to structural or sequence differences and/or corecruit-
ment or binding competition with other RNA-binding pro-
teins is to be explored in the future.

Using gene ontology (GO) analysis, we found that tran-
scripts having a high SBI encode proteins involved in the
organization of the endomembrane system and mitochon-
drial functions (Table 1). In addition, genes whose aUTR
promotes STAU1 binding (red genes in Fig. 4B) tend to en-
code proteins that are associated with vesicle-mediated
transport and cytoskeleton organization (Table 2).
Together, these data indicate that STAU1 binding globally
contributes to cellular and organelle membranes as well as
cytoskeleton organization, function and regulation. In ad-
dition, we found that transcripts that are not preferentially
bound by STAU1 or whose aUTR inhibits STAU1 binding
(blue genes in Fig. 4B) are globally associated with the
maintenance of genome integrity, the regulation of
mRNA metabolism, and the inflammation response
(Tables 1, 2). How APA alters those numerous aspects of
cellular biology through perturbing STAU1 binding in dif-
ferent proliferation, differentiation, and stress conditions,
under which APA is highly regulated (Tian and Manley
2017), is an open question.

MATERIALS AND METHODS

Cell lines and cell culture

Human embryonic kidney (HEK)293T cells were purchased from
ATCC and propagated in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum. Where spec-
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ified, cells were transfected with Lipofectamine 2000 (Invitrogen).
STAU1-KO (STAU1 C8) and isogenic control (C9) HEK293T-cell
lines were established using the CRISP-Cas9n double-nicking
strategy as described previously (Elbarbary et al. 2017). Briefly,
STAU1-KO C8 was generated using two small-guide (sg)RNAs
synthesized from pSpCas9n(BB)-2A-Puro (Addgene) after in-
dividually inserting the following synthetic DNAs: STAUT-
sgDNA5s  (5-CACCGCCATATTCTGGGCTTGTCT-3" annealed
to 3'-AAACAGACAAGCCCAGAATATGGC-3), and STAU1-
sgDNAbas (5-CACCGGATCAATCCCATTAGCCGA-3 annealed
to 3-AAACGTCGGCTAATCGGATTGATC-5'), where underlined
residues represent the STAUT gene-targeted sequences. Target-
sites for the resulting sgRNAs were selected using CRISPR Design
Tool (http://www.genome-engineering.org/crispr/). The isogenic
control C9 line was selected among the isolated clones transfected
with the plasmids encoding the CRISPR-Cas9n machinery and the
guide RNAs, but in which STAU1 protein levels remained un-
changed as compared to WT HEK293T.

Western blotting

Western blotting was performed as described (Elbarbary et al.
2013) using the following antibodies: anti-STAU1 (Lucas et al.
2018), anti-FLAG (Sigma), anti-CANX (Enzo Life Sciences), anti-
NONO (Bethyl Labs), and anti-STAU2 (Sigma).

Anti-FLAG immunoprecipitations

Total-cell lysates from STAUT-KO HEK293T cells (C8) transiently
expressing FLAG-GFP or STAU1-FLAG were prepared using
Hypotonic Gentle Lysis Buffer (10 mM Tris [pH 7.4], 10 mM
NaCl, 10 mM EDTA, 1% [w/w] Triton X-100, 1x Protease
and Phosphatase Inhibitor [Pierce]) and two 30-sec rounds of son-
ication (Branson Sonifier 250, duty cycle 30%, output control =
3). The NaCl concentration was adjusted to 150 mM, and
insoluble debris was pelleted by centrifugation at 16,000g for
10 min. Anti-FLAG immunoprecipitations (IPs) were then per-
formed using supernatants as described previously (Cho et al.
2018).
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TABLE 2. Top biological process GO terms enriched in genes whose 3'UTR isoforms have differential STAU1 binding

P-value Biological process
SBlgpas > SBlopas” 43x107% Vesicle-mediated transport
8.5x 107% Regulation of oxidative stress-induced cell death
1.2x107% Positive regulation of cellular component biogenesis
1.3x107% Regulation of actin cytoskeleton organization
1.4x 107 Macromolecule catabolic process
SBlgpas < SBIppAsb 25x107% Multiorganism behavior
1.6x107% Positive regulation of telomerase activity
32x107% Negative regulation of nitrogen compound metabolic process
3.7x107% Neuromuscular junction development
42x107% Response to type | interferon

“Genes correspond to red dots in Figure 4B.
PGenes correspond to blue dots in Figure 4B.

RT-gPCR

RT was performed using total-cell RNA or coimmunoprecipitated
RNA extracted using TRIzol reagent (Life Technologies) and then
treated with DNase | (Promega Corp.). cDNA was synthesized for
2 h at 50°C using SuperScript lll (Invitrogen), random hexamers
(Ng, 5 ng/pL), and a pool of anchored oligos (2.5 pmol/pL=2.5
pM) that consisted of 5'-universal adapter-oligo(dT)-VN anchor-
3, where V is AG, or C and N is any deoxynucleotide
(5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-TTTTT
TTTTTTTTTTTTTTT-VN-3'). gPCR was undertaken using the
StepOne Real-Time PCR System (Applied Biosystems), Fast
SYBR-Green Master Mix (Applied Biosystems), and PCR primers
specified in Supplemental Table S2. Briefly, ¢cDNA deriving
from short 3'UTR isoforms used a forward primer annealing to
each cUTR and a reverse primer annealing to the universal adapt-
er. gPCR of cDNA deriving from long (typically >1 kb) 3'UTRs will
not be amplified by the cUTR-specific and universal primers due
to short PCR-amplification times. Instead gPCR cDNA deriving
from long 3'UTRs used forward and reverse primers specific to
each aUTR.

Cell fractionation and polysome profiling

Separation of HEK293T-cell nuclear and cytoplasmic fractions
(Fig. 1) was performed using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Scientific) following manufac-
turer instructions. Polysome profiling (Fig. 7) was performed as
described (Esposito et al. 2010) with minor modifications.
HEK293T cells were grown to ~80%-90% confluency. Ten min-
utes before harvesting, 100 pg/mL of cycloheximide (Sigma)
was added to the cell-culture medium to freeze ribosomes on
translationally active mRNAs. Cells were then washed once with
PBS supplemented with 100 pg/mL of cycloheximide, exposed
to trypsin-EDTA supplemented with 100 pg/mL of cycloheximide,
washed twice with prechilled PBS supplemented with 100 ug/mL
of cycloheximide, resuspended, and incubated in Lysis Buffer (20
mM HEPES-KOH pH 7.5, 15 mM MgCl,, 80 mM KCl, 1% Triton X-
100, 2 mM DTT, 100 pg/mL cycloheximide, 1x SIGMAFAST
Protease Inhibitor Cocktail [Sigma], and 200 U/mL Superaseln
[Thermo Fisher Scientific]) for 10 min. During the incubation, cells
were gently sheared three times through a 26-gauge needle. A

percentage (10%) of each cell lysate was saved for total-cell
RNA extraction. The rest of each cell lysate was centrifuged at
700g and 4°C for 5 min in a micro-centrifuge to pellet the nuclei.
Cytoplasmic RNA was isolated from ~20% of the supernatant us-
ing TRIzol (Thermo Fisher Scientific), while the rest of the superna-
tant was transferred to a new tube and centrifuged at 14,000g for
5 min to remove mitochondria. The resulting supernatant was lay-
ered onto a 10-mL 10%-50% linear sucrose gradient in a poly-
allomer tube (Beckman Coulter) containing 20 mM HEPES-KOH
pH 7.5, 15 mM MgCl,, 80 mM KCl, 2mM DTT, and 100 pg/mL
of cycloheximide, and centrifuged in an SW-41 Ti rotor at
39,000 rpm and 4°C for 2 h. The gradient was fractionated using
a system comprised of a syringe pump (Harvard Apparatus model
11), a density-gradient fractionator (Brandel), and an ISCO UA-6
UV/VIS detector. The polysomal fraction was incubated at 65°C
for 5 min with 25 mM EDTA pH 8.0, 10 mM Tris-HCI pH 7.0,
and 1% SDS. RNA was extracted using phenol/chloroform and
precipitated using ethanol. The quality of all RNA was checked us-
ing an Agilent RNA 6000 Pico Kit.

3’'READS+ library construction and sequencing

The READS+ procedure has been previously described (Zheng
et al. 2016). Briefly, poly(A)" RNA in 1 pg of total-cell RNA was
captured using 10 plL of oligo(dT),s magnetic beads (NEB) in
100 pL of 1x Binding Buffer (10 mM Tris-Cl pH 7.5, 150 mM
NaCl, 1 mM EDTA, and 0.05% TWEEN 20) and fragmented on
the beads using 1.5 U of RNase Ill (NEB) in 30 pL of RNase
Il Buffer (10 mM Tris-Cl pH 8.3, 60 mM NaCl, 10 mM MgCl,,
and 1 mM DTT) for 15 min at 37°C. After washing away unbound
RNA fragments using Binding Buffer, poly(A)" fragments
were eluted from the beads using TE Buffer (10 mM Tris-Cl,
1 mM EDTA, pH 7.5) and precipitated using ethanol, follow-
ed by ligation to 3 pmol of heat-denatured 5-adapter
(5-CCUUGGCACCCGAGAAUUCCANNNN-3') in the presence
of 1 mM ATP, 0.1 pL of Superaseln (ThermoFisher Scientific),
and 0.25 pL of T4 RNA ligase 1 in a 5 pL reaction at 22°C for
1 h. Ligation products were captured using 10 pmol of biotin-
T15-(+TT)5 attached to 12 pL of Dynabeads MyOne
Streptavidin C1 (ThermoFisher Scientific). After washing with
Washing Buffer (10 mM Tris-Cl pH 7.5, 1 mM NaCl, 1 mM
EDTA, and 0.05% TWEEN 20), RNA fragments on the beads
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were incubated with 0.01 U/pL of RNase H (Epicentre) for 30 min at
37°Cin 30 pL of RNase H Buffer (50 mM Tris-Cl pH 7.5, 5 mM NaCl,
10 mM MgCl,, and 10 mM DTT). After washing with RNase H
Buffer, RNA fragments were eluted from the beads in Elution
Buffer (1 mM NaCl, 1 mM EDTA pH7.5, and 0.05% TWEEN 20)
at 50°C, precipitated using ethanol, and then ligated to 3 pmol
of heat-denatured 5'-adenylated 3'-adapter (5'-rApp/NNN
GATCGTCGGACTGTAGAACTCTGAAC/3ddC-3') using 0.25 pL
of T4 RNA ligase 2 (truncated KQ version) for 1 h at 22°Cina5
pL reaction containing 15% PEG 8000 and 0.2 pL of Superaseln.
Ligation products were precipitated and reverse-transcribed using
M-MLV reverse transcriptase, and PCR-amplified using Phusion
high-fidelity DNA polymerase (NEB) and bar-coded PCR primers
(Sigma-Aldrich) for 15 cycles. Both RT primer (5-GTTCAGAGT
TCTACAGTCCGACGATC-3) and PCR primers with indexes have
been described previously (Hoque et al. 2013). PCR products
were size-selected twice using 0.6 volume of AMPure XP beads
(Beckman Coulter) relative to the PCR reaction volume to remove
large DNA molecules, followed by an additional 0.4 volume of
beads to remove small DNA molecules. The eluted DNA was se-
lected again with 1 volume of AMPure XP beads to further remove
small DNA molecules. The sizes of the libraries eluted from the
AMPure beads were examined using a high-sensitivity DNA kit
(Agilent) and an Agilent Bioanalyzer. Library concentrations were
measured using the Qubit dsDNA HS Assay Kit (ThermoFisher
Scientific). Equal amounts of libraries were mixed and sequenced
using an lllumina NextSeq 500 (1 x 75 bases).

Analysis of 3’READS+ data

The sequence corresponding to the 5'-adapter was removed from
raw 3'READS+ reads using Cutadapt (Martin 2011). Reads with
short inserts (<23 nt) were discarded, and retained reads were
mapped to the human (hg19) genome using STAR (Langmead
and Salzberg 2012). The three or six 5 random nts from the
3’-adapter were removed before mapping using the setting “—5
6" in bowtie2. Reads with a mapping quality score (MAPQ) of
>10 were kept for further analysis. Reads with >2 nongenomic
5'-Ts after alignment were called PAS reads. Cleavage sites within
24 nt from one another were clustered as previously described
(Hoque et al. 2013). Only PASs with >2 PAS reads were used
for analysis.

Size-controlled analysis of Alu-containing transcripts

Transcripts were categorized into groups based on the number of
3'UTR Alus or the presence of 3'UTR IRAlus. For each group, a
control set containing the same number of transcripts was gener-
ated. For each transcript in the Alu-containing group, an Alu-less
transcript in the same 3'UTR size decile group was randomly se-
lected to ensure control for size. The random selection was re-
peated 100 times. The fifth-percentile and 95th-percentile SBls
based on the 100 random sets were calculated.

Analysis of RiPIT, iCLIP, and icSHAPE data

STAU1 RIPIT bigwig data (Ricci et al. 2014) were downloaded
from the NCBI GEO database. RIPIT read counts in different
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regions of each transcript were extracted from the bigwig data.
Logzratio of RPM (wild type STAU1 vs. mutant STAU1) was calcu-
lated to indicate STAU1 binding. STAU1 iCLIP (Sugimoto et al.
2015) raw data were downloaded from the NCBI GEO database.
After computationally removing the lllumina universal adapter,
sequences were mapped to the human genome (hg19) using
STAR. Uniquely mapped reads were further processed using
first-aligned positions. RPMs (reads per million mapped) were cal-
culated for each sample. In vivo HEK293 icSHAPE scores (Sun et
al. 2019) were extracted for different transcript regions. Gini indi-
ces were calculated using a sliding window of 20 nt over a given
transcript region, and the median Gini index of each region was
used for analysis.

Transcript feature analysis

Features were based on the RefSeq database. Linear model anal-
ysis was carried out by using the linear model (Im) function in R
program. Pearson and Spearman correlation analyses were car-
ried out to examine relationships between features.

MEME analysis and annotation of specialized IRAlus

MEME (Bailey and Elkan 1994) (v5.1.1) was used to discover me-
dium-sized motifs (6—50 nt) that robustly and significantly pro-
mote STAU1 binding in each of the two 3'READS+RIP
replicates (MEME discriminative mode, zero or one occurrence
per sequence [zoops]). Transcripts whose aUTR robustly and sig-
nificantly promotes STAU1 binding were defined as those for
which the average SBI of the longest 3'UTR isoform was signifi-
cantly (Fisher < 0.05) at least twofold higher (ASBI > 1) than the av-
erage SBI of the shortest 3'UTR isoform. Transcripts having a ASBI
> 1 included those with a ASBI =+ 0, that is, genes whose long
3'UTR isoform was not detected in the FLAG-GFP IP, and also
genes whose short 3'UTR isoform was not detected in the
STAU1-FLAG IP. Controls utilized transcripts for which the aver-
age SBI of the longest 3'UTR isoform was significantly (Fisher <
0.05) at least twofold lower (ASBI < —1) than the average SBI of
the shortest 3'UTR isoform. Transcripts having a ASBI < —1 includ-
ed those with a ASBI = —co, that is, genes whose short 3'UTR iso-
form is not detected in the FLAG-GFP IP, and also genes whose
long 3'UTR isoform is not detected in the STAU1-FLAG IP. The
consensus sense or reverse-complement sequence of eight of
the ten MEME motifs with the highest significant enrichment
score was aligned to a consensus Alu sequence using Clustal
Omega (Madeira et al. 2019). The consensus Alu motif (and se-
quence) was derived from 342 Alu elements (Konkel et al. 2015)
using MEME (classic mode, zoops). MEME motifs were then
mapped onto aUTRs using FIMO (Find Individual Motif
Occurrences, MEME suite v5.1.1) (Grant et al. 2011) and a correct-
ed Q-value of 0.001. IRAlus in aUTRs having at least one sense
and one antisense Alu MEME motif were annotated as specialized
IRAlus.

Gene ontology analysis

Gene ontology (GO) analysis was carried out by using the GOstats
Bioconductor package (Falcon and Gentleman 2007). Generic
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terms (associated with more than 1000 genes) were discarded. To
reduce redundancy in reporting, any GO term with a >75% gene
overlap with a more significant term was discarded.

DATA DEPOSITION

All custom-made code and scripts for processing of sequencing
data and quantification analyses were written in Perl or R and
will be provided upon request. Sequencing data sets generated
in this study have been deposited in the NCBI GEO database un-
der accession number GSE148771. All data sets used in this study
are listed in Supplemental Table S1.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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