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SUMMARY

The physiological relevance of structures within
mammalian mRNAs has been elusive, as these
mRNAs are less folded in cells than in vitro and
have predicted secondary structures no more sta-
ble than those of random sequences. Here, we
investigate the possibility that mRNA structures
facilitate the 3’-end processing of thousands of hu-
man mRNAs by juxtaposing poly(A) signals (PASs)
and cleavage sites that are otherwise too far apart.
We find that RNA structures are predicted to be
more prevalent within these extended 3’-end re-
gions than within PAS-upstream regions and indeed
are substantially more folded within cells, as deter-
mined by intracellular probing. Analyses of thou-
sands of ectopically expressed variants demon-
strate that this folding both enhances processing
and increases mMRNA metabolic stability. Even folds
with predicted stabilities resembling those of
random sequences can enhance processing. Struc-
ture-controlled processing can also regulate neigh-
boring gene expression. Thus, RNA structure has
widespread roles in mammalian mRNA biogenesis
and metabolism.

INTRODUCTION

Although the functions of many noncoding RNAs (ncRNAs), such
as ribosomal RNAs (rRNAs) and tRNAs, depend on their folded
structures, much less is known about the physiological rele-
vance of structures in mRNAs. In silico analyses show that, un-
like ncRNAs with structure-dependent functions, mRNAs are
not predicted to be more stably folded than random sequences
with the same nucleotide composition, even when only 5 or
3’ untranslated regions (UTRs) are considered, raising questions
as to whether most predicted structures in mRNAs are functional
(Workman and Krogh, 1999; Clote et al., 2005). Moreover, high-
throughput chemical probing of mRNAs from diverse eukaryotes
shows that substantially fewer regions are structured in cells
than in vitro, in part due to ATP-dependent cellular processes
that unfold mRNA structures (Ding et al., 2014; Rouskin et al.,
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2014; Spitale et al., 2015). Even the highly stable RNA G-quadru-
plexes are globally unfolded in human, mouse, and yeast cells
(Guo and Bartel, 2016). In addition, the functional relevance of
the mRNA structures that are supported by in vivo probing re-
mains largely unaddressed; although several mRNA features
are associated with folding in cells, the observations remain
largely descriptive and correlative (Mortimer et al., 2014; Spitale
et al., 2015).

Structures at 3’ ends are important for the processing, stabil-
ity, and translation of canonical histone mRNAs, which are not
polyadenylated (Marzluff et al., 2008), as well as the stability of
some other non-polyadenylated RNA polymerase Il (Pol Il) tran-
scripts, such as MALAT1 (Brown et al., 2012; Wilusz et al., 2012).
However, the presence and function of RNA structures at the
3’ ends of polyadenylated RNAs, including all other mRNAs
and most long ncRNAs, are less well studied. Adding to the chal-
lenge, existing high-throughput structural probing assays miss
structures at the very 3’ ends of RNAs.

Cleavage and polyadenylation of Pol Il transcripts are critical
for transcription termination, cytoplasmic localization, RNA sta-
bility, and translation (Tian and Manley, 2017). Cleavage and
polyadenylation depend on a set of well-positioned sequence
motifs, mainly an upstream poly(A) signal (PAS), typically
AAUAAA or AUUAAA, and a downstream U/G-rich or U-rich
motif. Previous mutagenesis studies of a few model 3’ regions
show that efficient processing requires a narrow range of 10—
30 nt between the PAS and the cleavage-and-polyadenylation
site, hereafter called the poly(A) site (McDevitt et al., 1986; Gil
and Proudfoot, 1987; Heath et al., 1990; Chen et al., 1995).
However, some human mRNAs appear to use a PAS that falls
>30 nt upstream of the poly(A) site (Chen et al., 1995). Based
on observations made for a few viral RNAs (Ahmed et al.,
1991) and synthetic constructs (Brown et al., 1991), RNA
folding is proposed to facilitate the processing of these endog-
enous cellular mRNAs by bringing poly(A) sites closer to the
PASs (Chen et al., 1995). However, whether endogenous 3’ re-
gions are capable of folding and are actually folded in cells is
an open question, as no endogenous mammalian genes have
been shown to depend on this mechanism. We set out to
answer this question and in the process discovered that, for
many mRNAs, the 3'-end region is a privileged part of the
mRNA that is less subject to the unfolding that happens else-
where. Moreover, this folding of mRNA 3’ regions also en-
hances mRNA stability and can influence the expression of
downstream genes.
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Figure 1. The Distance Constraints on
PASs and the Potential Influence of Pre-
dicted mRNA Structures

(A) The distribution of distances between canoni-
cal PASs (A AUAAA/AUUAAA) and poly(A) sites in
human RefSeq mRNA annotations with a canoni-
cal PAS within their last 100 nt.

(B) Schematic of an experiment that simulta-
neously measured the processing efficiency of
many 3’-end variants encoded by a library of
plasmids. Each member of the library contained
two potential poly(A) sites. The upstream poly(A)
3 site was within the query 3'-end region, which
included a segment (red bar) that was randomized
(red Ns) with respect to both nucleotide identity
and nucleotide number, such that the distance
between the query PAS and the poly(A) site (D)
ranged from 5 to 41 nt. The downstream poly(A)
site was from the g-globin 3’-end region.

(C) Relationship between cleavage efficiency and
PAS-poly(A) site distance. Plotted are the numbers
of reads representing variants with each indicated
distance, distinguishing between reads for tran-
scripts processed at the query site (cleaved, red)
and those for transcripts that failed to be processed
at the query site but were processed at the down-
stream (-globin site (uncleaved, blue).

(D) Relationship between the predicted folding
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RESULTS

RNA Structures and the Distance Constraints on

the PAS

To revisit the relationship between PAS position and 3'-end pro-
cessing using current MRNA annotations, we analyzed the hu-
man mRNAs from the RefSeq database (O’Leary et al., 2016).
Although a clear preference for a PAS-poly(A) site distance of
13-25 nt was observed, of the 19,624 mRNAs with a canonical
PAS (AAUAAA or AUUAAA) within 100 nt of the poly(A) site,
2,545 (13%) had a PAS-poly(A) site distance of >27 nt (Fig-
ure 1A). Of these 2,545, most (1,763) had no alternative PASs
within 10-30 nt of the poly(A) site, suggesting that most of these
distal canonical PASs were functional despite their suboptimal
distances from the poly(A) sites.

To characterize the constraints on PAS position and the po-
tential role of RNA structures in bypassing these constraints,
we simultaneously tested the in vivo processing of >400,000 arti-
ficial 3’-end regions with variable PAS-poly(A) site distances
(Figure 1B). For each PAS—poly(A) site distance from 5 to 41 nt,
we generated either all possible sequence variants or a sufficient
number of variants (up to tens of thousands) such that sequence-
specific effects averaged out (Figure 1B). The $-globin 3’ end
was placed downstream of each query region to allow efficient
processing and identification of molecules that were not pro-
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PAS-poly(A) site distance (nt)
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stability differences and PAS-poly(A) site dis-
tance. Plotted is the difference of average pre-
dicted folding stability (—AG) observed between
transcripts processed at the query site (cleaved)
and transcripts that failed to be processed at the
query site but were processed at the downstream
B-globin site (uncleaved). Transcripts with <7
reads were excluded.

cessed at the query site. A DNA library encoding these variants
was inserted into an expression vector behind the GFP gene
and transfected into HEK293T cells. After allowing 24 hr for
expression, the 3’ regions of the GFP mRNAs were reverse tran-
scribed and sequenced.

All designed PAS—poly(A) site distances (5-41) were well rep-
resented in the mRNA that was not cleaved at the upstream
query site yet was processed at the downstream (-globin poly(A)
site, with some preference for shorter variants, presumably
imposed during library construction or sequencing (Figure 1C,
blue). In contrast, the PAS-poly(A) site distances of the mRNA
processed at the query site peaked sharply at 15-18 nt, implying
optimal processing efficiencies at these distances (Figure 1C,
red). These results were largely consistent with the analysis of
endogenous 3'-end regions (Figure 1A). They were also largely
consistent with previous mutagenesis studies (McDevitt et al.,
1986; Gil and Proudfoot, 1987; Heath et al., 1990; Chen et al.,
1995) but more quantitative, at single-nucleotide resolution,
and less prone to sequence-specific effects.

To examine the possibility that RNA structure influences the
efficiency of 3’-end processing, we computationally folded the
sequences between the PAS and poly(A) sites in these artificial
3’-end regions using RNAfold (Lorenz et al., 2011). Compared
to transcripts that were of identical length but not cleaved at
the query poly(A) site, cleaved transcripts had lower predicted
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Figure 2. Predicted Structures Are Enriched at Endogenous 3'-End Regions with Distal PASs

(A) Differences in pairing probabilities upstream and downstream of endogenous mRNA PASs. Each row of the heatmap shows the mean probabilities (color-
coded according to the key) predicted for the group of 3’ ends with similar PAS—poly(A) site distance (10-nt sliding window, 1-nt step), and each column shows the
mean probabilities at the indicated position relative to the poly(A) site (position 0).

(B) Differences in predicted folding stability observed between PAS-downstream sequences and shuffled sequences (red) and between length-matched PAS-
upstream sequences and shuffled sequences (black), plotted with respect to PAS—poly(A) distance. The 3'-end regions were grouped by PAS-poly(A) site
distance as in (A). Each color depicts the overlay of 1,000 lines, with each line showing the result of one random shuffling. The increased fluctuation observed at

larger distances reflects the fewer regions with larger distances.

(C) The fraction of PAS-downstream regions (red) and PAS-upstream regions (black) predicted to be significantly more stably folded (p < 0.05) than shuffled
control sequences, plotted as a function of PAS-poly(A) distance. The 3'-end regions were grouped by PAS-poly(A) site distance as in (A).

ensemble free energy (AG) when the PAS—poly(A) site distance
exceeded 27 nt, which suggested that RNA structures facilitated
processing at poly(A) sites with distal PASs (Figure 1D). Interest-
ingly, for transcripts with intermediate distances (17-27), the
opposite was observed, implying that structure was slightly dis-
favored at these distances (Figure 1D), which can be explained
by the inefficiency of processing when the PAS—poly(A) site dis-
tance was too short (stable structures from arbitrary sequences
were likely longer than 14 nt and thus would have more
frequently created effective distances too short for efficient pro-
cessing, according to our map of PAS distance constraints
[Figure 1C]).

In summary, our analysis of >400,000 artificial 3'-end regions
yielded a high-resolution map of the distance constraints on
PASs and suggested that RNA structures facilitate the process-
ing at poly(A) sites with distal PASs.

Predicted RNA Structures Are Enriched within
Endogenous Regions that Have Distal PASs

To extend our analysis to endogenous mRNAs, we first reana-
lyzed existing 3P-seq (poly(A)-position profiling by sequencing)
datasets from four human cell lines (Nam et al., 2014) to generate
a set of 43,850 distinct endogenous 3'-end regions. These re-
gions were then sorted and grouped by PAS—poly(A) site dis-
tance using a group size of 10 nt and a step of 1 nt, and then
the predicted pairing probability of each of the 100 nucleotides
upstream of the poly(A) site was averaged across regions in
each group and visualized on a heatmap (Figure 2A). A diagonal
region of low pairing probability transected the map at the posi-
tions of the PASs. A striking difference was observed on each
side of this diagonal, with PAS-downstream regions (top right)
predicted to be more folded than PAS-upstream regions (bottom
left). For regions with PAS—poly(A) site distances between 25 and

60 nt, two stretches of roughly equally sized folded areas (blue)
were visible, presumably corresponding to the two sides of a
folded stem.

To check whether the increased propensity of PAS-down-
stream regions to fold was simply due to differing nucleotide
compositions, we shuffled the PAS-downstream sequences
while preserving dinucleotide frequency (Jiang et al., 2008) and
subtracted the average predicted AG of the shuffled sequences
from that of the actual sequences. For regions with PAS-poly(A)
site distances ranging from 20-29 to 80-89 nt, the PAS-down-
stream sequences tended to have more stable predicted struc-
tures than their shuffled control sequences (Figure 2B, red). In
contrast, length-matched PAS-upstream sequences were not
predicted to be significantly more stable than their shuffled con-
trol sequences (Figure 2B, black). Using predicted AG values
from 1,000 shuffled control sequences as a null distribution for
each region, we calculated p values and found that the fraction
of PAS-downstream regions with stable predicted structures
(p < 0.05) was higher than expected by chance, whereas the
fraction of PAS-upstream regions with stable predicted struc-
tures was not (Figure 2C).

Like our results from artificial 3'-end regions, our analyses of
endogenous 3’-end regions strongly suggested that RNA struc-
tures facilitate the processing at poly(A) sites with distal PASs. Of
the 14,771 genes represented by our 43,850 poly(A) sites, 5,197
(or 35%) had at least one poly(A) site with a distal PAS (>27 nt up-
stream) and thus are potentially under the influence of RNA
structure.

A Global Map of In Vivo Structures at the 3’ Ends of
Polyadenylated RNAs

To learn if the structures predicted to form between PASs and
poly(A) sites are folded in vivo, we initially examined structural
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(A) Schematic of DIM-2P-seq, a method for intra-
cellular probing of RNA structure within 3'-end
regions of polyadenylated transcripts. See text for
details.
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probing data acquired from human cells, in which intracellular
dimethyl-sulfate (DMS) accessibility was detected by high-
throughput sequencing of reverse transcriptase (RT) stops
(Rouskin et al., 2014). However, the DMS-seq reads correspond-
ing to RT stops near the poly(A) tail were often too short to map
uniquely, resulting in a highly skewed distribution of reads near
the poly(A) sites, which prevented accurate normalization and
comparison.

To develop a method more suitable for examining folding in
mRNA 3'-end regions, we combined features of DMS-seq with
those of a method for profiling 3’ ends called poly(A)-primed
sequencing or 2P-seq (Spies et al., 2013). In this hybrid method,
we treated the cells with DMS, isolated polyadenylated RNA,
fragmented this RNA by partial digestion with ribonuclease T1
(which cuts after G), purified fragments with a poly(A) tail, reverse
transcribed these fragments using a primer that pairs to the
beginning of poly(A) tails, and then sequenced the cDNA (Fig-
ure 3A). Key to this protocol was the substitution of the retroviral
RT originally used for DMS-seq with an RT from a group Il self-
splicing intron (TGIRT) (Mohr et al., 2013). TGIRT reads through
the DMS-modified A and C template bases, inserting mis-
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(B) Probing results for the last 100 nt of RPS5
mRNA. The DIM-2P-seq mutation frequencies,
which represent intracellular DMS accessibility of
A and C residues, are plotted in the bar graph and
color coded on the predicted secondary structure,
according to the key. DIM-2P-seq coverage for
this region was >70,000 reads. The nucleotides
immediately upstream and downstream of the
AAUAAA PAS motif are numbered —1 and +1,
respectively.

(C) Differences in intracellular structure-probing
results upstream and downstream of endogenous
mRNA PASs. The heatmap was generated as in
Figure 2A, except the values represent the mean
DIM-2P-seq mutation frequencies at A and C
7% residues.

See also Figure S1.

0%

matches in the corresponding cDNA res-
idues, thereby offering an approach for
mapping DMS modifications using full-
length RT products (Zubradt et al.,
2017), which unlike RT-stop products,
were suitable for examining 3'-end re-
gions. We call this hybrid assay DIM-2P-
seq (DMS-induced mutations mapped
by 2P-seq).

Consistent with known DMS specificity
(Rouskin et al., 2014; Zubradt et al.,
2017), mutation frequencies for A and C
in the DMS-treated sample (4.3% and
2.9%, respectively) were much higher
than those in a control sample (~0.6%), prepared in the same
way but without adding DMS to the cells, whereas mutation fre-
quencies for G and T were at background levels in both samples
(Figure S1A). At a minimum coverage of 100 reads per sample,
we quantified the mutation frequency for 0.9 million A or C bases
shared between treated and control samples, which provided
folding information for the 3’-end regions of RNAs from most of
the genes expressed in HEK293T cells.

Results for the last 100 nt of the ribosomal protein S5 (RPS5)
mRNA illustrate the information that DIM-2P-seq provided. For
this mMRNA, cleavage and polyadenylation nearly always occurs
28-30 nt downstream of a highly conserved PAS (Nam et al.,
2014), which would lead to very poor processing unless rescued
by RNA folding (Figures 1C and 1D). Indeed, a structure was pre-
dicted to form starting 2 nt downstream of the PAS (Figure 3B),
although if fully folded, this structure would lead to an effective
PAS-poly(A) site distance of only 6 nt, which would be too short
for processing (Figure 1C). Indeed, our probing results indicated
that only the distal part of this predicted structure (positions
6-21, shaded in gray) was folded in cells, as shown by the deple-
tion of mutations at the As and Cs predicted to be paired in this

+30
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region and the presence of mutations in flanking As and Cs (Fig-
ure 3B). Folding of this region spanning positions 6-21 would
yield an effective distance of 16 nt, which would be optimal for
processing (Figure 1C). Consistent with a role of the structure
in facilitating processing, mutations predicted to destabilize the
structure caused a decrease in usage, and compensatory muta-
tions predicted to restore folding stability rescued usage (Figures
S1B and S1C).

In contrast to the A and C bases within this folded segment
6-21 nt downstream of the RPS5 PAS, A and C bases upstream
of the PAS, including many predicted to be paired, were exten-
sively modified (Figure 3B). For example, among the As and Cs
predicted to be paired, those in the PAS-upstream region were
on average 8.5-fold more modified by DMS than were those in
the PAS-downstream shaded region (1.61% and 0.19%,
respectively; p = 0.0002; one-sided Kolmogorov-Smirnov
test), which indicated that they were less folded in vivo. To see
if this difference between intracellular folding observed up-
stream and downstream of the RPS5 PAS occurred more gener-
ally, we generated a heatmap with the same coordinates as
those of Figure 2A but summarizing in vivo DMS accessibility,
as measured by positional mutation frequency. This map indi-
cated that regions downstream of PASs were more folded
than those upstream of PASs (Figure 3C). Indeed, this DMS-
accessibility map had a remarkable resemblance with that of
predicted structure (Figure 2A). One difference between the
two was the more uniform signal observed between the PAS
region (diagonal) and PAS-upstream region (bottom left) in the
in vivo DMS-accessibility map (Figure 3C) compared to the
more distinct signal observed for the PAS diagonal in the pre-
dicted-pairing map (Figure 2A). This difference between the
maps was consistent with intracellular unfolding of structures
in PAS-upstream regions, as observed for the RPS5 mRNA
(Figure 3B).

These probing results provided a means to estimate the
extent to which mRNA 3’-end regions with distal PASs
(>27 nt) were folded in cells. The average DMS-induced muta-
tion rate was 2.7% for PAS-downstream regions, 3.1% for
PAS-upstream regions, and 3.7% for PAS regions. Assuming
the mutation rate for completely unpaired nucleotides was
that of the PAS regions (3.7%) and the mutation rate for
completely paired nucleotides was 0%, then the percent of
paired As and Cs in PAS-downstream regions would have
been 27% (1 — (2.7/3.7)). When considering that paired nucle-
otides typically account for about half of the nucleotides of an
RNA structure (with the other half residing in loops and joining
regions), we estimate that ~54% of the nucleotides in regions
downstream of a distal PAS were within structures that were
folded in cells. When considering that single-stranded seg-
ments that help span the PAS-poly(A) site distance (such as
the segments at positions 1-5 and 22-30 of the RPS5
3’ end) would have accounted for much of the remaining
46%, we conclude that for most of 3’-end regions with a distal
PAS, folding occurred within cells. In contrast, only ~32%
(1 - (3.1/3.7))/0.5) of the nucleotides in PAS-upstream regions
were within structures that were folded in cells, consistent
with substantial intracellular unfolding of mRNA structures in
these upstream regions.

These estimates would have been inflated if protein binding
contributed to the protection observed within PAS-downstream
or PAS-upstream regions, whereas they would have been damp-
ened if protein binding or RNA structure protected some of the
PAS regions. We also note that RNA structure need not have
been uniform to contribute to the protection signal; partial pro-
tection of an A or C paired in only half of the mRNAs or during
only half of the DMS incubation would have contributed propor-
tionally. Nonetheless, the estimate of 54% would represent the
overall fraction of nucleotides within 3’-end regions that fell
within RNA structures at any moment.

In summary, our global intracellular probing results indicated
that segments within 3’-end regions that spanned PASs and
poly(A) sites were often folded in vivo despite the tendency of
structures elsewhere in mMRNAs to be less folded. These results
motivated experiments to explore functional ramifications for the
folding of this privileged mRNA region.

Causality between RNA Folding and Poly(A)-Site Usage
To establish causality and further quantify the effect of folding on
the processing at poly(A) sites, we performed a high-throughput
analysis of many variants of a highly conserved predicted stem-
loop in the 3’-end region of centromere protein B (CENPB)
mRNA. The 3'-end processing of this abundant mRNA occurs
43 nt downstream of the AAUAAA motif yet is highly precise
and efficient, as 3P-seq detects no other poly(A) sites between
this poly(A) site and the downstream gene (Figure 4A). This
high processing efficiency despite such an extended PAS-
poly(A) site distance is presumably facilitated by a 29-nt stem-
loop predicted to reduce the effective distance to 16 nt
(assuming the stem-loop contributed 2 nt). The predicted
stem-loop appears to have been conserved across 62
sequenced mammalian genomes, with 3 of its 11 base pairs un-
dergoing covariation that maintained pairing (Figure 4A).

To generate a set of variants suitable for functional analysis,
we inserted the 3'-end region of the CENPB gene into our
expression vector and constructed a library in which each posi-
tion of the 29-nt stem-loop was mutated at a rate of 6% (94%
wild-type and 2% for each of three possible mutations) (Fig-
ure 4B). This library included over 30,000 variants, with mostly
one to three mutations, including all single-nucleotide substitu-
tions and most of the double-nucleotide substitutions. We ex-
pressed the variants in HEK293T cells and quantified the relative
usage of each variant by sequencing, first normalizing to usage
of the downstream g-globin poly(A) site (to control for variation
in plasmid copy number, transfection efficiency, and transcrip-
tion activity) and then normalizing to that of the wild-type
sequence. The sequencing-based measurement was validated
by individually transfecting 11 randomly selected variants and
quantifying their usage by quantification of RT-PCR products
(Figures S2A-S2C; Spearman’s rank correlation coefficient
[rs] = 0.78, Pearson’s correlation coefficient [rp] = 0.96). More-
over, when repeating the sequencing-based experiment in
Hela cells, poly(A) variant usage highly correlated with that
observed in HEK293T cells (Figure S2D; rs = 0.92, n = 30,432).

Having confirmed the accuracy and robustness of our mea-
surements, we examined the relationship between variant usage
and folding potential. A strong correlation between poly(A)-site
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Figure 4. Causality between RNA Folding and Poly(A)-Site Usage

(A) A conserved stem-loop within the CENPB 3'-end region. Top: Genome-browser tracks show 3P-seq signal in HEK293T cells, RefSeq gene annotations, and
mammalian PhastCons conservation scores. Bottom: The secondary structure shows the predicted fold of the CENPB segment spanning the PAS and the poly(A)
site. Positions with multiple covariations supporting pairing among the aligned mammalian genomes are highlighted, with alternative pairs and their frequencies

listed (green).
(B) Schematic of an experiment resembling that of Figure 1B, which simultaneously measured the processing efficiency of many CENPB 3'-end variants encoded

by a library of plasmids. See also Figure S2.
(C) The relationship between usage and predicted folding stability (—AG) for CENPB 3'-end variants. Plotted are results for all variants with >20 reads supporting

cleavage at the 3-globin poly(A) site in HEK293T cells.
(legend continued on next page)
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usage and predicted folding stability (—AG) was observed
(rs = 0.76; Figure 4C), indicating that RNA folding is critical for
CENPB poly(A)-site usage. The strong relationship across
>100-fold differences in usage suggested that RNA folding can
both tune and turn on or off usage of a poly(A) site, although us-
age of the wild-type CENPB 3'-end region (Figure 4C, red point)
approached the value at which the effect of folding started to
saturate.

All single-substitution variants were well represented in the li-
brary (median > 18,000 reads), and most of these substitutions,
especially those predicted to be involved in Watson—Crick base-
pairing, led to decreased relative usage (Figure 4D). The stron-
gest effect was a G-to-C mutation at position 27 (G27C), which
resulted in a 5.7-fold decrease in usage (Figure 4D). In contrast,
single-nucleotide substitutions in the loop or in wobble or mis-
matched pairs had less effect, with slight increases in usage
for changes predicted to stabilize the structure, including muta-
tions in the first base-pair that converted the G-U wobble to a
C-G or U-A base-pair, and mutations that converted the internal
C-A mismatch to a U-A or C-G base-pair (Figure 4D).

Causality between an RNA structure and a function is conven-
tionally shown using a pair of experiments in which the loss of
function caused by a mutation disrupting a Watson-Crick base
pair is rescued by a compensatory mutation at the complemen-
tary position that restores the Watson-Crick pair. Indeed, the
strong decrease in usage observed for the G27C substitution
was rescued by a compensatory mutation at the complementary
position (C7G) (Figure 4E). Extending this type of analysis to each
of the 48 possible mutation-compensatory-mutation pairs
involving the eight Watson—Crick base pairs of the wild-type
structure (not counting the isolated C-G base pair near the
loop) showed that 46 supported the hypothesis that Watson-
Crick pairing increased the efficiency of poly(A)-site usage;
i.e., the mutant was less efficiently processed than both the
wild-type and the compensatory mutant (Figure 4F left). For
each of the two exceptions (C11U and C13U), the disruptive mu-
tations changed C-G pairs to U-G wobbles, which had slightly
greater processing efficiency than the compensatory A-U pairs
(Figure 4F left, red). Nevertheless, the importance of pairing at
positions 11 and 13 was supported by each of the other 10
mutation—-compensatory-mutation combinations informative for
these two pairs. Moreover, the 96 noncompensating mutations
at the same complementary positions (two for each single-nucle-
otide mutant) did not rescue the decreased usage more
frequently than expected by chance (Figure 4F right, p = 0.22),
which showed that rescue was specific to the possibilities that
restored pairing. Thus, our saturating mutation-rescue analysis
confirmed a causal role for RNA structure in enhancing poly(A)-
site usage.

Folding of mRNA from a Native Locus Influences
Expression of a Downstream Gene

To assess the effect of folding on the processing of endogenous
transcripts produced from their native genomic locus, we used
Cas9 (Cong et al., 2013) to generate a large library of mutations
within the stem-loop structure in the CENPB 3'-end region,
exemplified by the ten most abundant mutants (Figure 5A). We
then sequenced both genomic DNA and mRNA from the
targeted locus and quantified the usage of each mutant as the
ratio of its RNA:DNA reads normalized to that of wild-type.
Imposing a cut-off of >100 DNA reads and >2 RNA reads,
we were able to quantify the usage of 673 unique mutants, 568
of which had PAS-poly(A) site distances >27 nt. As observed
in our experimental examination of ectopically expressed
mRNAs (Figures 1 and 4), the accumulation of mMRNAs endoge-
nously expressed from these genomic mutants strongly corre-
lated with predicted 3'-end folding (Figure 5B; rs = 0.78,
p < 107"%). These results indicated that 3'-end folding facilitates
3’-end processing of mMRNAs endogenously expressed from
their native genomic locus.

In addition to altering the predicted 3'-end structure, the Cas9-
induced deletions shortened the distance between the PAS and
poly(A) site (Figure 5A). However, the beneficial effect of this short-
ening was not apparent until the PAS—poly(A) site distances were
reduced to less than ~28 nt (Figure 5C). Presumably the detri-
mental structural consequences of the more moderate deletions
offset the favorable effects of these deletions on the PAS-poly(A)
site distance. Interestingly, several mutants for which the deletion
removed most of the stem-loop and created PAS-poly(A) site dis-
tances of about 15 nt were processed with efficiencies resembling
or exceeding that of wild-type (Figure 5C). Likewise, for all three
genes tested with our expression plasmid (RPS5, CENPB, and
TFE3), higher usage was observed for mutants in which the entire
stem-loop was deleted from the 3'-end region (Figures S1B and
S1C and S3). Although consistent with the model in which the
stem-loop structures merely function to reduce effective distance,
these results raised the question as to why the stem-loop struc-
tures have not been deleted over the course of evolution to
achieve the most efficient usage. One potential advantage of the
structures is that they provide an opportunity for regulation
through factors or conditions that influence stem-loop folding.

With regard to the potential regulatory role of the conserved
CENPB 3'-end folding, we noted that there was no other poly(A)
site before the downstream gene, sperm flagellar 1 (SPEF1) (Fig-
ure 4A), suggesting that failure to utilize the CENPB poly(A) site
would lead to read-through transcription that might influence
the expression of SPEF1, whose transcription start site is only
2.3 kb downstream of the CENPB poly(A) site. Indeed, in the
population for which the CENPB 3 end was targeted for

(D) The effect of single-nucleotide substitutions on poly(A)-site usage, depicted as a sequence logo. The height of each base was scaled by its usage relative to
wild-type, and bases were stacked, placing the substitutions with stronger effects closer to the x axis. The sequence and secondary structure (bracket notation)
are shown above. The logo plot was generated by kpLogo (Wu and Bartel, 2017).

(E) Example of a mutant-rescue pair. Shown are the predicted secondary structure, predicted AG of folding, and relative usage for the wild-type, mutant (G27C),

and compensatory mutant (G27C+C7G).

(F) The relative usage for all 48 mutant-compensatory-mutant pairs (left) and all 96 mutant-noncompensatory-mutant pairs (right) in the library. Pairs with usage
values inconsistent with rescue are highlighted (red). Shown at the top are the ratios of rescue-inconsistent:rescue-consistent pairs, as well as the p value for
observing at least this number of rescue-consistent pairs, estimated from 10° shufflings of the usage measurements.
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Cas9-mediated mutation, CENPB mRNA decreased by 29-37%,
while SPEF1 mRNA increased by 29-73% (Figure 5D). Notably,
transcripts across the transcription start site of SPEF1 increased
nearly 8-fold (Figure 5D), consistent with read-through transcrip-
tion from CENPB caused by mutation of its 3'-end region.
Moreover, when examining RNA-seq data from mouse 3T3 cells
undergoing heat shock (Shalgi et al., 2014), we observed substan-
tially reduced Cenpb expression with concomitantly increased
reads corresponding to both the intergenic region and the
Spef1 mRNA (Figure S4A), suggesting that elevated temperature
might unfold the Cenpb stem-loop during transcription, leading to
increased read-through to the downstream Spef1 gene.

To directly investigate the influence of CENPB transcription on
SPEF1 mRNA level, we used CRISPR interference (CRISPRI) to
inhibit the transcription of CENPB in a K562 cell line expressing
a dCas9-KRAB fusion protein (Gilbert et al., 2014). Compared to
a control guide RNA with no effect on CENPB mRNA level, a guide
RNA with 80% knockdown of CENPB mRNA led to a 2.4-fold
decrease in read-through transcription across CENPB poly(A)
site, a 10-fold decrease of transcription activity across SPEF1
transcription start site, and a 2.5-fold decrease in spliced SPEF1
mRNA, confirming a direct and positive role of CENPB transcrip-
tion in SPEF 1 expression (Figures S4B and S4C). Consistent with
such an influence on neighboring gene expression and the re-
ported role of Spef1 in spermatogenesis (Chan et al., 2005), Cenpb
null mice have decreased sperm content (Hudson et al., 1998).

PAS-Poly(A) Site Distance and 3'-End Structure
Correlate with RNA Stability

Thus far, we and others have attributed changed accumulation
of mRNAs with altered 3'-end regions to changes in 3'-end
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SPEF1 Figure S4.

processing efficiency. However, differential stability of the pro-
cessed product would also contribute to its changed accumula-
tion. To explore this possibility, we performed 2P-seq on both
steady-state HEK293T RNA and nascent RNAs captured after
metabolic labeling with 4-thio-uridine (4sU) for either 30 or
60 min (Figure S5A). Using the ratio of the abundance between
steady-state and newly transcribed RNA as a measure of RNA
stability, we found that mRNAs with longer PAS—poly(A) site dis-
tance tended to be less stable, with an overall effect size of about
2-fold observed between mRNAs with short and long PAS-
poly(A) site distance (Figure 6A).

We next investigated whether folding between a distal PAS
and its poly(A) site might rescue the decrease in RNA metabolic
stability, similar to its role in rescuing 3'-end processing, turning
to our CENPB poly(A)-site variants, which provided the opportu-
nity to examine >30,000 variants that have the same PAS—poly(A)
site distance yet different predicted folding stabilities. HEK293T
cells expressing the library of CENPB variants were incubated
with 4sU for 30 or 60 min, and the relative usage of the CENPB
poly(A)-site variants in newly synthesized RNA containing 4sU
was measured and compared to that observed at steady state.
Although the usage in nascent and steady-state RNA was highly
correlated (rs = 0.92), the relative usage measurements for the
sub-optimal poly(A) variants tended to be lower at steady state,
indicating that these sub-optimal variants had somewhat lower
metabolic stability (Figures 6B and S5B and S5C). Using the dif-
ference in usage between steady-state and nascent RNA as a
measure of RNA metabolic stability, we observed a correlation
between predicted folding stability and RNA metabolic stability
(rs = 0.56; Figures 6C and S5D-S5F), consistent with the hypoth-
esis that 3'-end folding enhances mMRNA metabolic stability.
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Figure 6. RNA Folding Enhances mRNA Metabolic Stability

(A) Relationship between mRNA stability and PAS—-poly(A) site distance. The 3'-end regions of endogenous mRNAs were grouped by PAS—poly(A) site distance as
in Figure 2A, and for each group, metabolic stability was calculated as the number of reads from the steady-state RNA divided by the number of reads from
nascent RNA isolated after labeling with 4sU for 30 min.

(B) Relative usage of CENPB variants, comparing values generated using steady-state RNA (which were prone to be influenced by differences in mMRNA stability)
with those generated using nascent RNA (which were less prone to be influenced by differences in mRNA stability). Nascent RNA was isolated after labeling with
4sU for 30 min. Results are plotted for all variants with > 20 reads from the §-globin poly(A) site in each sample. The slope of the linear fit through the origin (black
line; slope shown = s.e.) differed from that of equal usage (red line, y = x; origin, red point).

(C) Relationship between relative metabolic stability and predicted folding stability for abundant CENPB variants. Metabolic stability was measured as in panel (A)
and is plotted relative to that of the wild-type for all variants with > 1,000 reads from the 8-globin poly(A) site in at least one sample. The correlation decreased
when using less stringent read cutoffs, which was entirely attributable to increased noise in stability measurements (Figures S5D-S5F).

(D) The relative metabolic stability of all 48 mutant-compensatory-mutant pairs (left) and all 96 mutant-noncompensatory-mutant pairs (right) in the library;
otherwise as in Figure 4F.

(E) The relationship between nascent usage and predicted folding stability for CENPB 3'-end variants; otherwise as in Figure 4C.

See also Figure S5.

To examine whether this relationship was indeed causal, we Compared to the large effects of 3'-end folding on relative

analyzed mutant-compensatory-mutant pairs as in Figure 4F.
Although the results were not as consistent as those observed
for relative usage, perhaps due to more experimental variability
and smaller effect sizes for the metabolic stability measure-
ments, the number of pairs that supported the role of structure
was twice that of pairs that did not (Figure 6D, left). This surplus
of supporting mutant pairs was greater than expected by chance
(p = 0.001), whereas the results observed for noncompensatory
mutations did not differ from those expected by chance (Fig-
ure 6D, right; p = 0.33). These analyses of mutant pairs thereby
established a causal relationship between RNA structure and
mRNA metabolic stability.

usage (Figure 4), the effects of 3’-end folding on mRNA stability
were small, with a <2-fold overall difference observed between
the measurements for newly synthesized and steady-state
RNA (Figures 6B and 6C). Indeed, repeating the analyses of Fig-
ure 4C but using the data for the newly synthesized mRNA
instead of data for the steady-state mRNA did not change the
conclusion that RNA folding caused increased processing effi-
ciency (Figure 6E). Thus, when considered together, our results
show that 3’-end folding of mMRNAs with long PAS—poly(A) site
distances influences both processing efficiency and mRNA sta-
bility, although its influence on processing efficiency is much
stronger.

Cell 169, 905-917, May 18, 2017 913



89.1%
r,=0.71

10.9%
r =047

-2

-4

n=32,395

Relative usage (log,)
-6

Relative usage (logy)

-8
-8

P=0.05
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(A) The relationship between site usage and folding
significance (p value) for CENPB variants in
HEK293T cells. The result for the wild-type is
highlighted (red). Also shown are the number of
variants (n) passing the cutoff for analysis
(=20 reads from $-globin poly(A) site), the percent
of variants with p < 0.05 and p > 0.05 (right and
left of blue line, respectively), and correlation
coefficients for the relationship between usage
and p value for these two subsets of variants.
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Structures with Predicted Stabilities Resembling Those
of Random Sequences Are Functional
The widespread role for RNA structures that we observed at
mRNA 3’ ends seemed at odds with previous in silico analyses
showing that mRNAs are no more likely than random sequences
to be stably folded, a result typically interpreted as lack of func-
tional structures (Workman and Krogh, 1999; Rivas and Eddy,
2000; Clote et al., 2005). In line with the previous analyses, the
predicted folding stabilities of >80% of the 3’-end regions were
not significantly different from shuffled sequences with the
same dinucleotide composition (Figure 2C), yet many of these
structures were folded in cells (Figure 3) and likely were required
for efficient mRNA 3’-end processing. One way to reconcile
these results would be if structures with predicted stabilities
close to those formed by random sequences of the same length
and dinucleotide composition (hereafter called close-to-random
structures) were allowed to fold and were functional in this priv-
ileged region of the mRNA.

To explore the possibility that close-to-random structures
might be functional in 3’-end regions, we revisited our results
with the CENPB 3'-end variants. In an analysis modeled after
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Predicted folding stability (-AG, kcal/mol)

assessed by mutation

folding stability for variants with structures pre-
8 10 12 14

dicted to be less stable than those of most random
sequences (p > 0.5).

(C) The presence and function of structure in the
TFE3 3'-end region. Probing results are displayed
on the predicted secondary structure of the PAS-
downstream sequence, as in Figure 3B. DIM-2P-
seq coverage for this region was >700 reads.
Shown at the bottom are the relative usages of
a mutant-compensatory-mutant pair, as deter-
mined using agarose-gel electrophoresis to
resolve RT-PCR products (usage values, normal-
ized to that of wild-type, shown below gel).

(D) The presence and function of structure in the
ILVBL 3'-end region. DIM-2P-seq coverage for this
region was >3,000 reads. Otherwise, this panel is
as in (C).

See also Figure S6.
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that which we performed for endogenous
sequences (Figure 2C), the usage for
each variant was plotted as a function of
the probability that its predicted folding
was less stable than a shuffled control
sequence (Figure 7A). Interestingly, in
this analysis, the wild-type CENPB 3'-end structure, which
clearly controls CENPB mRNA 3'-end processing (Figures 4
and 5), was not significantly more structured than its shuffled
control sequences (p = 0.061; Figure 7A, red dot), Indeed, the
same was true for most (89.1%) of the 32,395 CENPB variants
(Figure 7A). Moreover, although overall folding significance
(p value) correlated with usage (rs = 0.76), the correlation was
stronger for variants without statistically significant predicted
folding (i.e., p = 0.05, r¢ = 0.71), compared to variants with
statistically significant predicted folding (i.e., p < 0.05,
re = 0.47) (Figure 7A). Even for the 7,645 variants with predicted
structures less stable than those of most shuffled control se-
quences (i.e., p > 0.5), predicted folding stability still strongly
correlated with usage (rs = 0.52, p = 0) (Figure 7B). Similar anal-
ysis of our data from the endogenous CENPB mutants yielded
analogous results (Figure S6; rs = 0.48, p < 107 '9).

To test if close-to-random structures can affect 3'-end pro-
cessing of other mRNAs, we investigated the 3'-end regions of
transcription factor E3 (TFE3) and IlvB acetolactate synthase
like (ILVBL) mRNAs, for which cleavage occurred predominantly
35 and 28 nt after the PAS, respectively. Compared to the

S /LVBL

048 1.40



stem-loop structure in CENPB, the predicted structures formed
by the PAS—-poly(A) site intervening sequences of these two
mRNAs were predicted to be much weaker (predicted
AG = —8.5 and —7.4 kcal/mol, respectively) and even closer to
those predicted for shuffled controls (p = 0.30 and 0.20, respec-
tively). Nonetheless, our DMS probing results supported the
in vivo folding of the distal stem-loop of each of these predicted
structures (Figures 7C-7D, gray shading). As in the 3’-end region
of RPS5, the more proximal regions of the predicted structures
were unfolded, as required to generate a PAS—poly(A) site dis-
tance suitable for efficient processing. When cloned into our
GFP construct and expressed in HEK293T cells, a single substi-
tution (G9C) that disrupted the TFE3 stem-loop led to a nearly
2-fold drop in usage, which was rescued by its compensatory
mutation (C19G) (Figure 7C). Likewise, a single substitution
(G10C) disrupting the ILVBL stem-loop led to a 2-fold decrease
in usage and was rescued by its compensatory mutation (Fig-
ure 7D). These results demonstrated that the close-to-random
structures were functional in each of the genes we tested.

DISCUSSION

We have combined transcriptome-wide RNA-structure predic-
tion, global intracellular structure probing, combinatorial
mutagenesis, genome editing, metabolic labeling, and high-
throughput assays of processing efficiency to uncover a wide-
spread and causal role of RNA structures in both mRNA 3'-end
processing and metabolic stability. We show that the ability of
RNA structures to juxtapose PAS and poly(A) sites, which en-
ables the 3’-end processing of a viral mMRNA (Ahmed et al,,
1991), also facilitates the processing of thousands of human
mRNAs. More generally, we have made several unexpected ob-
servations that challenge the prevailing view of the physiological
relevance of structures in mammalian mRNAs.

One unexpected result was the prevalence of functional RNA
structures in human mRNAs despite the global tendency of
mRNAs to be less folded in eukaryotic cells than they are
in vitro (Ding et al., 2014; Rouskin et al., 2014; Spitale et al.,
2015; Guo and Bartel, 2016). Poly(A) sites in thousands of human
genes contain a distal PAS and likely depend on RNA structures
for efficient processing. Helping to reconcile our findings with the
previously reported global tendencies was the unique location of
the structures we observed. For technical reasons, structures at
the very 3’ ends of mRNAs are missed by established probing
assays, but with a redesigned probing assay, we showed that
these 3’-end structures were present in vivo despite more prev-
alent unfolding of structures elsewhere. Their unique location
also allows these structures to directly affect an important step
of gene expression, i.e., 3'-end formation.

Another unexpected finding was that these 3’-end structures
also confer mMRNA metabolic stability. PAS—poly(A) site distance
also negatively affected RNA stability, raising the possibility that
RNA structures enhance 3’-end processing and RNA stability
using the same mechanism, i.e., by bringing PAS and poly(A)
sites closer together in space. How might PAS—poly(A) site dis-
tance influence transcript stability? We speculate that the mech-
anism involves cytoplasmic poly(A)-binding proteins (PABPCs),
including PABPC1. PABPC1 binds cooperatively to poly(A) tails

and is a key player in mRNA stability (Mangus et al., 2003).
Recent crosslinking results show that PABPC1 also directly
binds to PASs of thousands of mRNAs in mouse cells (Kini
et al., 2016). Given the proximity between PASs and poly(A) tails
and the ability of PABPC1 to oligomerize (Melo et al., 2003), PAS-
bound PABPC1 might interact with PABPC1 on the poly(A) tail, in
which case the frequency or stability of the interaction would
decrease with longer PAS-poly(A) site distance. Folding within
the region spanning the PAS and poly(A) site would reduce this
distance and thereby favor the interaction, which would enhance
binding of PABPC1 to mRNA, thereby enhancing mRNA stability.
Another possibility is that one of the four RNA-recognition motifs
(RRMs) of PABPC1 has higher affinity to the PAS region than it
does to the poly(A) tail, but other RRMs preferentially bind the
tail, and thus a short effective distance between the PAS and
tail would favor optimal binding of one molecule to both the
PAS and the tail. Importantly, both of these PABPC1-binding
scenarios would loop out intervening sequences, which would
not only promote folding of these sequences but might also insu-
late these structures from cellular activities that unfold structures
upstream of the PAS.

A third unexpected finding was that many structures at the
3’ ends of mMRNAs were functional despite residing in mRNA re-
gions with predicted stabilities resembling those of random se-
quences. These results were in line with the observations (but
not the interpretations) of previous computational analyses
showing that mRNAs or UTRs as a whole are not more stably
folded than random sequences (Workman and Krogh, 1999;
Clote et al., 2005). Part of the reason that extended 3'-end re-
gions with functional structures have predicted folding stabilities
resembling those of random sequences is that these 3'-end re-
gions typically require both structured and unstructured subre-
gions to achieve the proper PAS—poly(A) site distance, and the
instability of the unstructured segments helps offset the stability
of the structured ones, making the overall stability more closely
resemble that of random sequences. In addition, these close-
to-random yet functional structures presumably have more
relaxed conformational constraints compared to structures of
rRNAs, tRNAs, and some other ncRNAs. These ncRNAs must
specifically interact with other factors, which presumably drives
the formation of highly unique and stable structures that statisti-
cally differ from those of random sequences. In contrast, to
reduce effective distance, the precise shape or location of the
fold would be less consequential. The same would be true for
other possible functions of structure within mRNAs, such as
burying cis elements, slowing ribosomes, or reducing exposure
to ribonucleases.

The discovery that RNA structures are allowed to form at the
3’ ends of many mammalian mRNAs and promote 3’-end pro-
cessing and metabolic stability illustrates the utility of hypothe-
sis-driven approaches for identifying functional RNA structures,
which enable identification of even weak or transient structures
by using a direct readout of the proposed function. Perhaps
similar approaches, especially when combined with in vivo
structure probing and massively parallel mutagenesis and re-
porter assays, will uncover additional molecular, cellular, or
physiological contexts in which structures are frequently allowed
to form within mammalian mMRNAs and exert influence on other
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important processes, such as splicing, editing, export, transla-
tion, and degradation.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

XL10-Gold Ultracompetent Cells VWR Cat#99900-018
Biological Samples

DMEM VWR Cat#45000-304
Opti-MEM Thermo Fisher Scientific Cat#31985062
FBS Clontech Cat#631367
RPMI-1640 Life Technologies Cat#22400105
Chemicals, Peptides, and Recombinant Proteins

Dimethyl sulfate (DMS) Sigma Aldrich Cat#D186309
4-Thiouridine (4sU) Sigma Aldrich Cat#T4509
Doxycycline Clonetech Cat#631311
Dpnl NEB Cat#R0176S
EZ-Link HPDP-Biotin Thermo Fisher Scientific Cat#P121341
SUPERase-In Life Technologies Cat#AM2696
Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat#74104
RNeasy MinElute Cleanup Kit QIAGEN Cat#74204
QlAamp DNA Mini Kit QIAGEN Cat#51306
QlAquick Gel Extraction Kit QIAGEN Cat#28104
Oligo(dT)25 Dynabeads Life Technologies Cat#61002
SuperScript lll Reverse Transcriptase Life Technologies Cat#18080044
Cell Line Nucleofector Kit V Lonza Cat#VCA-1003
Lipofectamine 2000 Life Technologies Cat#11668019
Qb5 Site-Directed Mutagenesis Kit NEB Cat#E0554S
Novex TBE-Urea Gels, 6%, 10 well Life Technologies Cat#EC6865BOX
CircLigase lllumina Cat#CL4115K
TGIRT-Il Enzyme InGex Cat#TGIRT50
Phusion High-Fidelity DNA Polymerase NEB Cat#MO0530L

uMACS Streptavidin Kits

Miltenyi Biotech

Cat#130-091-287

Deposited Data

CENPB 3'-end library (fixed length) This study GEO: GSE93424
Artificial 3'-end library (variable length) This study GEO: GSE95467
DIM-2P-seq This study GEO: GSE95465
4sU-2P-seq (MRNA) This study GEO: GSE95464
CENPB 3'-end CRISPR/Cas9 mutant This study GEO: GSE95466
SuperSeries including all above GEO data This study GEO: GSE95468
Experimental Models: Cell Lines

Human: HEK293T ATCC Cat#CRL-3216
Human: HelLa ATCC Cat#CCL-2
Human: K562 with inducible dCas9-KRAB Gilbert et al., 2014 N/A
Oligonucleotides

See Table S1 This study N/A
Recombinant DNA

pCMV-GFP Matsuda and Cepko, 2004 Addgene # 11153
lentiCRISPR Shalem et al., 2014 Addgene # 49535

el Cell 169, 905-917.e1-e5, May 18, 2017

(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pCMV-GFP-CENPBpA This paper N/A
pPCMV-GFP-CENPBpA-fixed-length This paper N/A
pCMV-GFP-CENPBpA-variable-length This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-1 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-2 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-3 This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-4 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-5 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-6 This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-7 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-8 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-9 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-10 This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-11 This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-12 This paper N/A
pCMV-GFP-CENPBpA-fixed-length-clone-13 This paper N/A
pPCMV-GFP-CENPBpA-fixed-length-clone-14 This paper N/A
pCMV-GFP-CENPBpA-del This paper N/A
pCMV-GFP-RPS5pA This paper N/A
pPCMV-GFP-RPS5pA-m1 This paper N/A
pCMV-GFP-RPS5pA-m1r This paper N/A
pPCMV-GFP-RPS5pA-m2 This paper N/A
pPCMV-GFP-RPS5pA-m2r This paper N/A
pCMV-GFP-RPS5pA-del This paper N/A
pPCMV-GFP-TFE3pA This paper N/A
pCMV-GFP-TFE3pA-G9C This paper N/A
pCMV-GFP-TFE3pA-G9C-C19G This paper N/A
pPCMV-GFP-TFE3pA-del This paper N/A
pCMV-GFP-ILVBLpA This paper N/A
pCMV-GFP-ILVBLpA-G10C This paper N/A
pCMV-GFP-ILVBLpA-G10C-C21G This paper N/A
lentiCRISPRv1-CENPB This paper N/A
CRISPRI library Gilbert et al., 2014 Addgene # 62217
CRISPRIi-CENPB-g1 This paper N/A
CRISPRIi-CENPB-g2 This paper N/A
CRISPRIi-CENPB-g3 This paper N/A
CRISPRIi-CENPB-g4 This paper N/A
CRISPRIi-CENPB-g5 This paper N/A
CRISPRIi-CENPB-g6 This paper N/A
CRISPRIi-CENPB-g7 This paper N/A
CRISPRIi-CENPB-g8 This paper N/A
CRISPRIi-CENPB-g9 This paper N/A
CRISPRIi-CENPB-g10 This paper N/A

Software and Algorithms

kpLogo
The ViennaRNA Package

Wu and Bartel, 2017
Lorenz et al., 2011

http://kplogo.wi.mit.edu
http://www.tbi.univie.ac.at/RNA
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bedtools v2.23.0 Quinlan and Hall, 2010 http://bedtools.readthedocs.io/en/latest/

uShuffle Jiang et al., 2008 http://digital.cs.usu.edu/~mijiang/ushuffle/

Other

2P-seq protocol, step-by-step Spies et al., 2013 http://bartellab.wi.mit.edu/protocols.html

4sU-2P-seq protocol, step-by-step This paper http://bartellab.wi.mit.edu/protocols.html

DIM-2P-seq protocol, step-by-step This paper http://bartellab.wi.mit.edu/protocols.html

lentiCRISPR guide RNA cloning protocol, step-by-step Shalem et al., 2014 http://genome-engineering.org/
gecko/?page_id=15

CRISPRI guide RNA cloning protocol, step-by-step Gilbert et al., 2014 http://weissmanlab.ucsf.edu/CRISPR/
CRISPR.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David
Bartel (dbartel@wi.mit.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T and Hela cells were cultured in DMEM (VWR) with 10% FBS (Clonetech). K562 cells were cultured in RPMI-1640 media
(Life Technologies) with 10% FBS. All cells were cultured at 37°C with 5% CO.. Each of these cell lines was of female origin.

METHOD DETAILS

Computational analysis of endogenous poly(A) sites

Mapped 3P-seq reads from four human cell lines (HeLa, HEK293T, Huh7, and IMR90) were pooled. Reads with 3’-end distances
within 8 nt of each other on the same strand were clustered together as representing a single poly(A) site using the sub-command
cluster in bedtools v2.23.0 (Quinlan and Hall, 2010) with the options —s -d 8, and the 3’ end with the most reads was chosen to repre-
sent the site. In the case of a tie, the 3’ end with the smallest genomic coordinate was chosen to represent the site. Sites supported by
only one read, or mapping to the mitochondrial genome, or without any AAUAAA or AUUAAA within 100 nt upstream of the poly(A) site
were discarded. For sites with multiple AAUAAA or AUUAAA upstream matches, the PAS closest to 16 nt upstream of the site was
used. To avoid ambiguity in PAS assignment, sites with any of the following alternative PAS variants within 10-30 nt from poly(A) sites
were discarded: AGUAAA, UAUAAA, CAUAAA, AAUACA, GAUAAA, AAUAUA, AAUAGA, ACUAAA, AAUGAA, AUUAUA, AUUACA,
AAUAAU, UUUAAA, AAUAAG, CUUAAA, AAUAAC, GUUAAA, AUUAGA, AACAAA, AUUGAA, AAGAAA, AUUAAC.

RNA structure analysis

All RNA structures were predicted using RNAfold in the ViennaRNA Package (Lorenz et al., 2011). The ensembile free energy (AG) for
each structure was calculated using the option -p0-noPS. For calculating pairing probability, -p was used instead of -p0. Significance
of predicted folding stability was assessed by shuffling the original sequence 10,000 times while preserving dinucleotide frequency
(Jiang et al., 2008), computing the fold and AG for each shuffled sequence, and then designating the empirical P value as the fraction
of shuffled sequences with the same or lower predicted AG. Covariations in the CENPB 3'-end structure were detected by RNAalifold
(Lorenz et al., 2011), using a multiple sequence alignment of 62 mammalian species downloaded from UCSC Table browser (Tyner
et al., 2017).

3’-end region libraries

Oligonucleotides used to construct and analyze these libraries were purchased from IDT and are listed in the corresponding sections
of Table S1. A 254-bp region surrounding the CENPB poly(A) site was amplified from HEK293T genomic DNA and inserted after the
GFP stop codon in the plasmid pCMV-GFP. The resultant plasmid, pCMV-GFP-CENPBpA, was used as the basis for generating the
two libraries. For the library with random sequences of variable length (0 CMV-GFP-CENPBpA-variable-length), the sequences be-
tween the PAS and the poly(A) site, excluding the first two and last two nucleotides, were replaced with random sequences with
lengths from 1 to 37 nt. This was done with the Q5 Site-Directed Mutagenesis Kit (NEB) and 37 mutagenesis primers (Table S1) mixed
at an equal molar ratio. For the library with mutagenized sequences of identical length (b CMV-GFP-CENPBpA-fixed-length), an oligo-
nucleotide pool was synthesized that was designed to template substitutions at each position of the 29-nt stem-loop at a 6% rate
(each of the 29 positions having a 94% chance of remaining wild-type and a 2% chance of changing to each of the three other
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possibilities). The single-stranded oligo template was converted to double-stranded DNA using 7 cycles of PCR with Phusion High-
Fidelity DNA Polymerase (NEB) and then used as mega-primer to mutagenize the template pCMV-GFP-CENPBPpA in an 18-cycle
PCR reaction. After treatment with Dpnl (NEB, 4 hr at 37°C), XL-10 gold cells (VWR) were transformed.

Analysis of variant usage

Oligonucleotides were purchased from IDT and are listed in Table S1. The plasmid variant library was transfected into HEK293T cells
and Hel a cells with Lipofectamine 2000 (Life Technologies) following the manufacturer’s protocol (Plasmids and Lipofectamine 2000
reagent were each mixed with 37°C Opti-MEM, and the two mixtures were combined and incubated at room temperature for 5 min,
then add to cells). One day after transfection, cells were harvested for total RNA isolation (RNeasy Mini Kit, QIAGEN) and/or genomic
DNA isolation (QlAamp DNA Mini Kit, QIAGEN). RNA was reverse transcribed using SuperScript lll (Life Technologies) and an anchor
dT primer, as follows: 8.5 uL RNA, 0.5 uL. 100 uM RT primer, and 1 uL. 10 mM dNTP were mixed and incubated at 80°C for 5 min, then
brought to 42°C. 10 pL SuperScript Ill mix (containing 4 pL 5X First-Strand Buffer, 1 uL 0.1 M DTT, 1 uL. RNaseOUT, 1 uL SuperScript
Il RT, and 3 uL water) was added, and the reaction was incubate at 42°C for 15 min, 48°C for 15 min, 55°C for 15 min, and 80°C for
5 min. The RT products were amplified using Phusion HF (12—-18 cycles) and a forward primer that hybridized upstream of the query
region. Genomic DNA was amplified using the same forward primer and a reverse primer hybridizing downstream of the poly(A) site.
PCR products were purified by agarose-gel electrophoresis and extraction (QlAquick Gel Extraction Kit, QIAGEN) and submitted for
lllumina sequencing. Sequencing reads with mutations outside the intended region were discarded. For each variant of a plasmid
library, usage was calculated as the number of reads representing processing at the query site relative to the number representing
processing at the downstream (-globin site, and results were considered for only those variants with > 20 reads from the §-globin
site. For each variant of the genomic library, usage was calculated as the number of RNA reads relative to the number of DNA reads,
and results were considered for only those variants with > 100 DNA reads and > 2 RNA reads. A pseudocount of 1 was added to all
raw read counts for calculating usage. To calculate relative usage, usage was normalized to that of the wild-type sequence.

Analysis of variant metabolic stability

For each mRNA, the number of reads at steady state (which was a function of both the synthesis rate of the mRNA « and the decay
rate of the mRNA ) was divided by the number of reads in the nascent sample that had been captured after 4sU metabolic labeling for
either 30 or 60 min (which was primarily a function of «, with minimal contribution of ) to yield the relative metabolic stability. Similarly,
for each CENPB variant, relative usage at steady state was divided by relative usage in the nascent sample, and then this ratio was
normalized to that of wild-type to yield the normalized metabolic stability. Although this approach for calculating relative metabolic
stabilities did not capture complex kinetic behaviors (such as deviation from simple exponential decay attributable to either multiple
phases of decay or different subpopulations of mMRNAs from the same gene, each with different decay rates), for the mRNA from each
gene (or from each CENPB variant), this approach did provide a single value that represented its overall behavior, effectively weight-
ing the aggregate effects of different kinetic phases and different subpopulations in proportion to their relative contributions to
steady-state abundance.

2P-seq, 4sU-2P-seq, and DIM-2P-seq

2P-seq was as described (Spies et al., 2013) with a few modifications. Briefly, poly(A)* RNA was purified from 60 ug total RNA using
160 pL Oligo(dT)25 Dynabeads (Life Technologies). The eluted RNA was digested with 1 unit of RNase T1 (Life Technologies) for
20 min at room temperature, precipitated, and then poly(A) selected again. The RNA was eluted in 12.2 pL water, reverse transcribed
using 1 uL RT primer (Table S1), 1 uL 10 mM dNTP, 4 uL 5X SuperScript First-Strand Buffer, 1 uL 0.1 M DTT, 0.2 uL. SUPERase-In (Life
Technologies), and 1 pL SuperScript Ill RT. The reaction was incubated at 48°C for 30 min and then the RNA was hydrolyzed by add-
ing 2.3 uL 1 M NaOH and incubating at 98°C for 15 min. cDNAs were resolved on a 6% TBE-Urea Gel (Life Technologies), and those
with lengths 150-500 nt were extracted and then circularized in a reaction containing 15 uL cDNA, 2 uL 10X CircLigase | Buffer, 1 uL
1 mM ATP, 1 uL 50 mM MnCl,, and 1 uL CircLigase |, at 60°C for 4 hr followed by 80°C for 10 min. Half of the circularized cDNA was
used for 10-20 cycles of PCR amplification in which barcoded lllumina adaptors were added. PCR products between 200-600 bps
were purified on agarose gels and submitted for lllumina sequencing.

For 4sU-2P-seq, nascent RNA was captured based on transcriptional incorporation of 4sU (Radle et al., 2013) as follows: Cells
were incubated with 1000 uM 4sU for 30 or 60 min, washed once with cold PBS, and then total RNA was prepared using Trizol.
The RNA was biotinylated by incubating with EZ-Link HPDP-Biotin (Thermo Fisher Scientific, 2 ug per ng RNA) in 10 mM Tris,
pH7.4, 1 mM EDTA for 2 hr at room temperature. The biotinylated RNA was chloroform extracted twice, precipitated, and resus-
pended in water at a concentration of 1 pg/uL. The biotinylated RNA was captured using the uMACS Streptavidin Kit (Miltenyi
Biotech) following the manufacturer’s protocol. Briefly, the RNA was denatured at 65°C for 10 min, chilled on ice, and then incubated
with streptavidin beads (1 uL beads for < 2 ng RNA) for 15 min with rotation. The RNA and beads were then loaded onto utMACS
columns pre-equilibrated with wash buffer (100 mM Tris, pH 7.4, 10 mM EDTA, 1 M NaCl, 0.1% Tween 20). The column was then
washed three times with 0.9 mL 65°C wash buffer, three times with 0.9 mL room-temperature wash buffer, and eluted twice with
100 puL 100 mM DTT. The RNA was purified and concentrated with the RNeasy MinElute Cleanup Kit (QIAGEN), mixing the RNA
with 700 uL RLT Buffer before loading it on the column and eluting it from the column in 25 pL water. Eluted RNA was subjected
to 2P-seq, omitting the first poly(A) selection.
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For DIM-2P-seq, total RNA was isolated from cells treated with 3.3% DMS for 5 min, and the library was prepared as in 2P-seq but
replacing the SuperScript Ill RT with TGIRT and incubating the reverse transcription at 48°C for 15 min, then at 57°C for 2 hr. In total,
95 and 208 million mapped reads were obtained for the DMS-treated sample and the control sample, respectively. Step-by-step pro-
tocols for 2P-seq, 4sU-2P-seq, and DIM-2P-seq can be found at the link provided in the KEY RESOURCE TABLE.

CRISPR/Cas9-based mutagenesis of the CENPB 3'-end stem-loop

Oligonucleotides were purchased from IDT and are listed in Table S1. Oligonucleotides encoding a guide RNA targeting the CENPB
3’-end stem-loop was cloned into lentiCRISPR (Shalem et al., 2014) via the BsmBl site. HEK293T cells were seeded on day 0 (300,000
cells per well in a 6-well plate), transfected with 2 png Cas9/gRNA plasmid on day 1, transfected again on day 2, and collected for DNA
and RNA analysis on days 3, 6, and 12. Genomic DNA and RNA were extracted from cells using the QlAamp DNA Mini Kit and the
RNeasy Mini Kit, respectively. The 3'-end region, including the stem-loop, was amplified from both genomic DNA and cDNA collected
on day 12 using primers listed in Table S1. The PCR product was purified using agarose gels and sequenced using the lllumina HiSeq
2500 platform with a custom sequencing primer (Table S1). Only reads for mRNAs cleaved at the original poly(A) site (as indicated by
a GCC immediately upstream of the tail) were considered in this analysis.

CRISPRi-based knockdown of CENPB transcription

Plasmids encoding ten guide RNAs previously designed to target the CENPB gene promoter (Gilbert et al., 2014) were individually
constructed using oligonucleotides and the BstXl and Blpl sites of the CRISPRI library plasmid (Gilbert et al., 2014). Doxycycline
(Clontech) was added into the K562 cell line at a final concentration of 50 ng/mL to induce the dCas9-KRAB fusion (Gilbert et al.,
2014), and 24 hr later, guide RNAs were nucleofected into the cells with Cell Line Nucleofector Kit V (Lonza) according to the
manufacturer’s instructions. After 48 hr, RNA was isolated for RT-qPCR analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the exact value of n and statistical significance (p value) are reported in the Figures and the
Figure Legends. Data were judged to be statistically significant when p was < 0.05.

DATA AND SOFTWARE AVAILABILITY
Sequencing datasets generated in this study, including those for the artificial 3'-end library, the CENPB 3'-end library, the Cas9-

induced mutants of CENPB 3’ ends, the DIM-2P-seq analysis, and the 4sU-2P-seq analysis, have been deposited under accession
number GEO: GSE95468.
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Figure S1. Global In Vivo Probing of RNA 3'-End Structures, Related to Figure 3

(A) Mutation frequencies observed during DIM-2P-seq. Plotted for each of the four nucleotides is the mutation frequency observed when performing the
protocol without DMS treatment (ctrl), the mutation frequency observed when treating with DMS (dms), and the mutation frequency attributed to the DMS
treatment (dms - ctrl).

(B) Substitutions that disrupt (red) and restore (green) the stem-loop structure predicted within the RPS5 3'-end region. Shown are the sequence, predicted
structure (bracket notation), and predicted AG of the wild-type region (wt) and each mutant region (m1, mutant with a single-base substitution that weakens the
predicted structure; m1r: a compensatory mutant of m1 that restores predicted stability; m2, a mutant with two mutations that strongly disrupt the predicted
structure; m2r, a compensatory mutant of m2 that restores the structure; del, a mutant lacking the distal portion of the predicted stem-loop). Mutants were tested
in the context of a 580-bp fragment that included the last exon of RPS5 and some downstream sequence and was inserted between the GFP reading frame and a
B-globin poly(A) site.

(C) Relative usage of the wild-type and mutant versions the RPS5 3'-end region. Each construct in (B) was expressed in HEK293T cells and then relative usage
(graph) was quantified by RT-PCR (gel). Relative usage was measured as the intensity of the band representing the RPS5 poly(A) site normalized to that of the
B-globin poly(A) site, and then normalized to the wild-type usage.
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Figure S2. Validation of Sequencing-Based Measurements of CENPB 3'-End Variant Usage, Related to Figure 4

(A) Sequence, predicted AG, and gel-based relative usage measurements for 14 randomly picked clones. Differences from the wild-type sequence are
indicated (red). The wild-type predicted secondary structure is shown at the bottom (bracket notation). Note that clones 2 and 9 were both wild-type. Usage
values are log, fold changes relative to that of the wild-type (average of clones 2 and 9). Clones 3, 6, and 8 (marked by asterisk) were not among the variants
with sufficient 8-globin reads for quantification in the sequencing-based assay.

(B) Gel used to measure the relative usage values reported in (A). RT-PCR products were resolved on a 2% agarose gel, and relative usage of the CENPB poly(A)
site was quantified based on the ratios of band intensities for the mutant and wild-type constructs.

(C) Relationship between the sequencing-based and gel-based measurements of relative usage for the 11 clones of (A) with sufficient 8-globin reads for
quantification in the sequencing-based assay.

(D) Relationship between usage measured in Hela cells and usage measured in HEK293T cells, showing results for variants with > 20 reads from the §-globin
poly(A) site in each cell type.
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Figure S3. Consequences of Deleting Predicted Stem-Loops within 3'-End Regions of CENPB (top) and TFE3 (bottom), Related to Figure 5
Otherwise this figure is as in Figures S1B and S1C.
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Figure S4. The Relationship between CENPB Transcription and SPEF1 Expression, Related to Figure 5

(A) Cenpb and Spef1 RNA expression before and after heat shock of mouse 3T3 cells (Shalgi et al., 2014). Shown are browser tracks with gene annotations and
normalized RNA-seq read density from cells grow at 37°C (37C) or 42°C for 8 hr (42C8h). The bottom three tracks zoom-in on the shaded region of the top three
tracks. Note that expression of Cdc25b, the gene upstream of Cenpb, showed minimal change.

(B) The knockdown efficiency of 10 CRISPRi guide RNAs for CENPB in human K562 cells expressing dCas9-KRAB fusion proteins. CENPB mRNA levels were
determined using RT-qPCR, normalizing to results of ACTB and then to cells expressing no guide RNA. Error bars indicate standard deviation of three technical
replicates.

(C) Effects of CENPB transcriptional inhibition on the expression of CENPB and SPEF1. Shown are the fold repression values determined using RT-qPCR,
comparing RNA levels in K562 cells expressing the g6 guide RNA to those in cells expressing the g7 control guide RNA. Error bars indicate standard deviation of
three technical replicates.
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Figure S5. Relationship between 3'-End Structure and mRNA Metabolic Stability, Related to Figure 6

(A) Enrichment of shorter-lived mRNAs (GFP and MYC) in nascent RNA captured after 30 or 60 min of 4sU labeling. Shown are the ratios of RNA-seq reads
observed between nascent RNA and total RNA for GAPDH, GFP, and MYC, further normalized to the ratio observed for GAPDH in a RT-qPCR assay.

(B) Analysis of Figure 6B but replacing steady-state usage with usage in nascent RNA captured after incubating with 4sU for 60 min. The differences in relative-
usage values were detectable but not as great as those observed in Figure 6B, as expected if the decreased stability of mMRNAs with lower usage values had
smaller effects after only 60 min than at steady state.

(C) Analysis of Figure 6B but replacing usage in nascent RNA captured after incubating with 4sU for 30 min with usage in nascent RNA captured after incubating
with 4sU for 60 min. The differences in relative-usage values were detectable but not as great as those observed in Figure 6B, as expected if the decreased
stability of mMRNAs with lower usage values had larger effects after 60 min than after only 30 min.

(D) Analysis of Figure 6C but plotting results for all variants with > 20 3-globin reads. The reason for the drop in correlation compared to Figure 6C is analyzed in (E)
and (F).

(E) Analysis of the drop in correlation observed in (D). Reads from the abundant variants that were analyzed in Figure 6C were subsampled from a binomial
distribution with p = 20/1,000, and then the metabolic stability was re-calculated for those with > 20 subsampled reads, and the relationship between the re-
calculated relative metabolic stability and predicted folding stability is plotted. The correlation coefficient (0.27) was comparable to that of the analysis of (D),
indicating the decrease in correlation relative to that observed in Figure 6C was primarily due to noise in the metabolic stability measurements, as a result of low
read counts.

(F) Repeat of the analysis of (E) but with a second sampling run.
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Figure S6. Structures with Predicted Stabilities Resembling Those of Random Sequences Appear Functional When mRNA Is Expressed from

Its Endogenous Locus, Related to Figure 7

(A) The relationship between site usage and folding significance (P value) for CENPB variants expressed from CAS-9—generated mutants. Otherwise, this panel is
as in Figure 7A. Of these 568 CENPB mutants with PAS-poly(A) site distances > 27 nt analyzed in Figure 5B, only 73 (12.9%) had predicted folding stabilities
significantly greater than that of random sequences (i.e., p < 0.05).

(B) Relationship between usage and predicted folding stability for the 220 variants of (A) with structures predicted to be less stable than those of most random

sequences (p > 0.5). Otherwise, this panel is as in Figure 7B.
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