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ABSTRACT The 3’ ends of eukaryotic mRNAs are generated by cleavage of nascent
transcripts followed by polyadenylation, which occurs at numerous sites within 3" untrans-
lated regions (3" UTRs) but rarely within coding regions. An individual gene can yield many
3’-mRNA isoforms with distinct half-lives. We dissect the relative contributions of pro-
tein-coding sequences (open reading frames [ORFs]) and 3" UTRs to polyadenylation profiles
in yeast. ORF-deleted derivatives often display strongly decreased mRNA levels, indicating
that ORFs contribute to overall mRNA stability. Poly(A) profiles, and hence relative isoform
half-lives, of most (9 of 10) ORF-deleted derivatives are very similar to their wild-type coun-
terparts. Similarly, in-frame insertion of a large protein-coding fragment between the ORF
and 3’ UTR has minimal effect on the poly(A) profile in all 15 cases tested. Last, reciprocal
ORF/3'-UTR chimeric genes indicate that the poly(A) profile is determined by the 3" UTR.
Thus, 3" UTRs are self-contained modular entities sufficient to determine poly(A) profiles
and relative 3'-isoform half-lives. In the one atypical instance, ORF deletion causes an
upstream shift of poly(A) sites, likely because juxtaposition of an unusually high AT-rich
stretch directs polyadenylation closely downstream. This suggests that long AT-rich stretches,
which are not encountered until after coding regions, are important for restricting
polyadenylation to 3" UTRs.

KEYWORDS 3’ UTR, 3’-end formation, gene expression, mRNA stability,
polyadenylation

ukaryotic messenger RNAs (mRNAs) exhibit a remarkable degree of physical and func-

tional heterogeneity. Transcriptional and posttranscriptional processing of a protein-cod-
ing gene typically gives rise to numerous mRNA isoforms that can vary in exon composition
as well as in the 5" and 3’ untranslated regions (5" UTRs and 3’ UTRs) that flank the coding
sequence (1-4). Varied exon composition plays a critical role in metazoan proteome diversity,
while variation in 5" and 3’ UTRs has important regulatory consequences.

3’ UTRs play critical roles in numerous physiological pathways (5). Alternative poly-
adenylation within 3" UTRs yields numerous 3’-mRNA isoforms (1, 6-8) that can differ in many
biological properties, including translation, subcellular localization, mRNA stability, and macro-
molecular complex assembly (5). Sequence elements within 3’ UTRs can stabilize or destabi-
lize mRNAs, thereby differentially affecting 3’-isoform half-lives and steady-state levels (4).
Metazoan 3’ UTRs often contain microRNA binding sites that typically reduce mRNA stability
and translation in a manner that is isoform specific and physiologically regulated (9). Global
upstream shifting of poly(A) sites within 3" UTRs is a driver of oncogenic transformation (10-
12), and broad-scale downstream shifting is associated with certain developmental stages
(13-15). Mutations in 3" UTRs have been associated with a wide variety of malignancies,
including immune disorders such as immune dysregulation, polyendocrinopathy, enterop-
athy, X-linked syndrome (IPEX) and lupus (9).

The 3’ ends of eukaryotic mRNAs are generated during the process of transcriptional
elongation by cleavage of the nascent transcript downstream of the coding region, followed
by addition of a poly(A) tail (14, 16-18). For a typical yeast gene, this process generates ~50

September 2022 Volume 42 Issue 9

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.
Address correspondence to Kevin Struhl,
kevin@hms.harvard.edu.

The authors declare no conflict of interest.
Received 22 June 2022

Returned for modification 19 July 2022
Accepted 1 August 2022

Published 16 August 2022

10.1128/mcb.00244-22

1

Downloaded from https://journals.asm.org/journal/mcb on 16 September 2022 by 128.103.147.149.


https://orcid.org/0000-0002-4181-7856
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/mcb.00244-22
https://crossmark.crossref.org/dialog/?doi=10.1128/mcb.00244-22&domain=pdf&date_stamp=2022-8-16

3’ UTRs Determine Polyadenylation Profiles

MRNA isoforms with poly(A) sites located primarily in a subregion of the 3" UTR called the
end zone (1, 6, 7). Steady-state levels of these 3’ isoforms can range over several orders of
magnitude, while 3’-isoform endpoint positions (i.e., proximity to stop codons) can vary by
hundreds of nucleotides.

The poly(A) profile of an individual gene is defined by the relative steady-state expression
levels of all 3'-mRNA isoforms, and it exhibits little variation across a variety of growth condi-
tions (e.g.,, osmotic stress, alternate carbon source, and nutrient-poor medium) (19). However,
the RNA polymerase (Pol) Il elongation rate regulates the poly(A) profile, with slow Pol I
mutants shifting poly(A) profiles upstream, closer to the open reading frame (ORF), and fast Pol
Il mutants causing a downstream shift (19). Both upstream and downstream shifts involve dif-
ferential utilization of poly(A) sites, not the generation of new sites. Yeast cells undergoing the
diauxic response show an upstream shift that is extremely similar to that observed in Pol Il
mutants, presumably due to reduced Pol Il speed under this condition (19).

Paradoxically, and for mechanistically unknown reasons, polyadenylation occurs at
numerous sites within the 3’ UTR, but it rarely occurs within the much larger coding
regions (6) and introns (20). In yeast, polyadenylation is associated with a degenerate
sequence motif consisting of a long AU-rich stretch, followed by short U-rich sequen-
ces that flank several A residues immediately downstream of the cleavage site (6, 21). It
has been suggested that the long AU-rich stretch is permissive for polyadenylation
(perhaps by changing the speed or nature of the Pol Il elongation complex) and that
selection of specific poly(A) sites reflects intrinsic sequence preferences of the cleav-
age/polyadenylation machinery (6). However, it is unknown whether the 3’ UTR is an
independent domain sufficient to specify the poly(A) profile. In addition, the 3" UTR
plays a key role in the stability of 3'-mRNA isoforms (4), but it is unclear whether pro-
tein-coding sequences are also involved.

Here, we dissect the relative contributions of protein-coding sequences and 3’ UTRs to
the polyadenylation profile and mRNA stability in yeast. Analysis of deletion, insertion, and
chimeric derivatives demonstrates that poly(A) profiles are (with one notable exception)
minimally affected by ORFs and other upstream sequences. Thus, 3’ UTRs are self-contained
modular entities that are sufficient to determine poly(A) profiles and relative half-lives of 3’
isoforms. At the atypical BYET locus, deletion of the ORF juxtaposes an especially AT-rich
region next to the 3’ UTR and results in an upstream shift in the poly(A) profile. ORF-deleted
derivatives often cause significant differences in steady-state transcript levels, suggesting
that protein-coding sequences contribute to overall mRNA stability in an isoform-independ-
ent fashion.

RESULTS

Complete deletion of ORFs generally does not affect polyadenylation profiles.
To assess the contribution of ORFs to poly(A) profiles, we used CRISPR to make precise
coding sequence deletions at 10 yeast loci (1 ORF deletion/strain) of various lengths (330
to 4,407 nucleotide [nt]; Fig. TA). Using 3'READS, we mapped poly(A) sites at nucleotide-
level resolution for all 10 strains. Biological replicates of both the wild-type (WT) and ORF-
deleted loci are very highly correlated on the isoform levels across entire 3" UTRs (Fig. S1
and Table S1).

The poly(A) profiles of the ORF-deleted (AORF) loci and their wild-type counterparts (WT)
are remarkably similar (examples in Fig. 2A), with most (6 out of 10) WT versus AORF
Pearson correlation coefficients being very high (R > 0.9; Table S1). In three cases, the WT
versus AORF correlation is slightly lower (R = ~0.7), but this is probably due to fewer reads
and more error in one of the biological replicates. Overall, the pairwise WT versus AORF cor-
relations are slightly lower than the replicate correlations of the wild-type strain (Fig. 3A;
P =48 x 104, Mann-Whitney U test), but indistinguishable from the AORF biological repli-
cates (Fig. 2B; P > 0.05, Mann-Whitney U test). Thus, complete removal of the protein-coding
sequences tested, even those that comprise > 80% of a mature mRNA, generally has little
influence on selection of poly(A) sites, although very subtle effects are sometimes observed.
Furthermore, the 3" UTR is sufficient to generate the poly(A) profile even when the juxtaposed
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FIG 1 Schematic of wild-type and mutant genes. (A) Diagrams of the 10 wild-type genes used in the analysis
of poly(A) profiles upon complete ORF deletion. (B) Diagrams of a representative wild-type (WT), ORF-deletion,
and ADAR2-insertion allele. All drawings are to scale with 5" UTRs (purple), ORFs of widely different lengths
(blue or gray for ADAR2), and 3’ UTRs (orange) indicated.

5’ UTRs of the RNAs expressed from the various AORF loci are very short (typically 20 to
100 nt).

Deletion of the BYET ORF causes an upstream shift in the polyadenylation profile. In
1 of the 10 genes tested (BYET), the WT versus AORF correlation is very low (R = 0.23) and
far below the correlations of biological replicates for either the WT or bye1-AORF strain (Fig.
3A). In this exceptional case, polyadenylation occurs at the same sites within the 3" UTR, but
these poly(A) sites are used at different relative frequencies. Specifically, the poly(A) profile
in the byeT-AORF strain is an upstream-shifted version of the wild-type BYET profile (Fig. 3A)
reminiscent of upstream shifts caused by Pol Il derivatives with slow elongation rates (19).
However, the upstream shift in the byeT-AORF strain is much more dramatic than observed
at the wild-type BYET gene in strains with slow Pol Il derivatives or under diauxic conditions
(Fig. 3A).

The AORF alleles not only remove protein-coding sequences, but they also create
novel junctions between the 5" UTRs and 3" UTRs that could have functional consequences.
We therefore considered the possibility that the unusual behavior of the bye7-AORF allele
might be due to juxtaposition of the 5" UTR to the 3" UTR. Interestingly, the region between
—40 and —1 of the bye7-AORF allele has an AT content of 82%, whereas the average of all
other wt and AORF alleles is only 67% (range, 59 to 74%) (Fig. 3B and Q). In addition, the
coding (top) strand of the —40 to —1 region of the byel-ORF allele has an exceptionally
high content of T residues (65%), compared to all other WT and AORF alleles (range, 15 to
40%). As high AT-rich stretches occur upstream of poly(A) sites (6), artificial juxtaposition of
especially AT-rich stretches upstream of the 3" UTR may cause the upstream shift in the poly
(A) profile.

A large protein-coding insertion upstream of 3’ UTRs does not affect poly(A) profiles.
As a complementary approach, we inserted a 1.5-kb region containing the catalytic domain
of Drosophila ADAR2 (22, 23) in frame between the C-terminal end of the ORF and the be-
ginning of the 3" UTR (Fig. 1B; 1 target gene per strain, 15 in total). These 15 genes with the
large ADAR2 insertion are distinct from the 10 genes used for complete ORF deletions. As
expected, poly(A) profiles of biological replicates are highly correlated for both the wild-type
and insertion alleles (Fig. 4 and Table S2). The pairwise correlation of wild-type versus insertion
derivatives (Fig. 4 and Table S2) is also extremely strong (median, R = 0.97; range, 0.80
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FIG 2 High similarity of poly(A) profiles of wild-type and ORF-deleted genes. (A) Poly(A) profiles for the indicated loci
with Pearson correlation coefficients for each comparison highlighted in boxes. (B) Box plots of WT versus AORF and
replicate correlations (10 loci). Some AORF replicate and WT:AORF correlations are slightly lower due to fewer sequence
reads in the AORF samples.

to >0.99) and barely different from biological replicates (P = 0.04, Mann-Whitney U test).
Thus, introduction of the same large heterologous region directly upstream of 15 different
yeast 3’ UTRs has little effect on polyadenylation patterns of the native genes and does not
cause their 3’-isoform profiles to become more similar to one another.

Transplanting a 3’ UTR to a different locus does not affect the poly(A) profile.
To independently confirm the above results, we investigated whether transplantation of a
3’ UTR to a heterologous protein-coding region is sufficient to confer the donor 3'-UTR poly
(A) profile to the recipient locus. The 3’ UTRs of DPLT and YPS7 (which are located on differ-
ent chromosomes and are distinct from the 25 genes analyzed above) were interchanged
within one strain and poly(A) profiles of the chimeric alleles were compared to their wild-
type counterparts (Fig. 5; biological replicates in Fig. S2). The poly(A) profiles of both chi-
meric alleles exhibit very strong correlation with wild-type alleles containing the same 3’

September 2022 Volume 42 Issue 9 10.1128/mcb.00244-22 4

Downloaded from https://journals.asm.org/journal/mcb on 16 September 2022 by 128.103.147.149.


https://journals.asm.org/journal/mcb
https://doi.org/10.1128/mcb.00244-22

3’ UTRs Determine Polyadenylation Profiles

A [ BYE1

Percent
[$))
o

BYE1

m (diauxic)

BYE1

" (slow Pol Il)

BYE1

(slower Pol Il)

| bye1-AORF

00 200 300 400
Position in 3UTR

B C

Percent

Percent
NI~
[SYtere

Percent
[
o

Ly

Percent
[$))
o

L

-

=100 - £ 85 -
< g wT
£ 80 £ 801
S 875 1 Il 2ORF
o 60 A = 70 A
< 4 < 65
< BYETWT g 60 1
o 20 2 55 4
= — - [}
2o l—2d %50
NN
40 20 1 20 40 60 80 100 %(oocj\ S Q/? Qg Y\OQQO Y f QS’%
Position relative to 3UTR
100 1 .. 70 1
£ g0 BYE1WT & 60 wrT
5 & 90 1 AORF
S 50 . —— bye1-AORF '(_g 20 ] [ |
-
= 40 = 30 -
8 40 g 20
5 20 1 3 10 A
o o 0
0 ]
NN N ok
40 20 1 20 40 60 80 100 ,\@ AN OO Pl B
Position relative to 3'UTR ¢ 0 ¢ Y\ P
100 70
Z 0 BYE1WT £ 60 w1 [l AORF
< —— bye1-AORF €50
:(‘% 60 4 5 40
< 40 ) < 30
: 40 5 20
5 20 o 10
a 0 a0
Q
40 20 1 20 40 60 80 10 %4@ <,3 Q{? \XOQQO 6$
Position relative to 3'UTR

FIG 3 Deletion of the BYET ORF causes an upstream shift in the poly(A) profile. (A) Poly(A) profiles of
the wild-type BYET locus in strains containing wild-type, slow, and slower Pol Il derivatives as well as the byeT-
AORF locus in the otherwise wild-type strain. (B) Percent AT, T, and A content of the coding strand in the
region between —40 and +100 in the WT (orange) and byel-AORF (blue) loci. Values represent a moving
average (£ 10 nt) at a given position, and gray shading indicates identical AT, T, or A content. The region
between +1 and +100 is the same in both loci and shown in black. (C) Percent AT, T, and A content of
the coding strand in the region between —40 and —1 in the WT and AORF loci.

UTR (R = 0.9 for the YPS7 3" UTR; R = 0.95 for the DPLT 3" UTR). Conversely, there is no corre-
lation between wild-type alleles possessing identical ORFs but different 3" UTRs (R = —0.02
for the DPL1 ORF; R = —0.01 for the YPS7 ORF). Thus, 3" UTRs are sufficient to determine poly
(A) profiles independently of upstream sequences and genomic location.

High similarity of poly(A) site usage in chimeric and native loci is independent of
site location within the 3’ UTR. Polyadenylation sites of most yeast genes are located
50 to 250 nt downstream of translational termination codons, and nearly 80% of all 3'-UTR
reads are found within this region. However, some yeast genes have a substantial proportion
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FIG 4 Box plot of poly(A) correlations of WT versus ADAR2 insertion and replicates (15 loci).

of 3’-mRNA isoforms that terminate either upstream or downstream of this window. We con-
sidered the possibility that ORF-proximal poly(A) site usage is preferentially affected when
sequences immediately upstream of the 3’ UTR are altered. To address this, we computed
poly(A) profile correlations in 50-nt subregions of chimeric and native loci with the same 3’
UTRs. With occasional exceptions and some variation among individual examples, median cor-
relations in the 50-nt windows are uniformly high (median R > 0.9) for all subregions, includ-
ing the most proximal (<50 nt from the stop codon) and most distal (>250 nt from the stop
codon) positions (Fig. 6). Moreover, individual loci with significant reads within the first ~25 nt
of the 3’ UTR show comparable usage in wild-type and ADAR2 insertion derivatives (IMD3
and CBC2; Fig. S3). Thus, sequences outside the 3" UTR, even those immediately adjacent to it,
generally have very little influence on poly(A) site utilization, including poly(A) sites that are
located just downstream of stop codons.
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FIG 5 Poly(A) profile correlations in the 3" UTRs of DPL1, YPS7, and their corresponding chimeric loci with interchanged 3’ UTRs.
(A) Lack of correlation between poly(A) profiles of loci containing identical ORFs but different 3" UTRs. As DPLT and YPS7 3'-UTR
sequences differ, correlations were assayed across all identically positioned non-A residues. (B) High degree of poly(A) profile correlation
at identical 3" UTRs irrespective of upstream ORF.
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FIG 6 High poly(A) profile correlation within all 3’-UTR subregions. (A) Poly(A) correlations of WT versus
AORF and WT versus ADAR2 insertion in the indicated windows (distance in nt from the stop codon
and requires a minimum of 100 reads in both samples of a pair for each window). The number of points
in each window mirrors the genome-wide read distribution; hence, there are more points in the regions
between 50 to 200 nt and fewer points at more proximal and more distal locations.

Isoform half-life variation is encoded by 3’ UTRs. Many yeast genes (30 to 60%)
exhibit 3'-isoform half-life variation, a phenomenon in which the half-lives of a gene’s most
and least stable isoforms vary by =2-fold (4, 24, 25). Thirteen of 27 genes examined here ex-
hibit such variation, 7 show relative uniformity in same-gene isoform turnover, and the
remaining 7 genes have insufficient sequence reads to generate reliable half-life data
(Tables S1 and S2). Poly(A) profiles of genes that do or do not exhibit isoform stability varia-
tion are equally unaffected by changes in sequences upstream of 3" UTRs (with variation me-
dian R = 0.99; no variation median R = 0.99; P > 0.05, Mann-Whitney U test). Thus, 3'-isoform
half-life variation is essentially encoded by 3" UTRs.

Protein-coding sequences increase mRNA stability of most genes but do not affect
the relative stability of 3’ isoforms within a 3" UTR. Pairwise comparisons of WT versus
AOREF loci not only show that 3" UTRs determine poly(A) profiles, but they also provide infor-
mation on the effect of protein-coding sequences on steady-state mRNA levels. As individual
WT and AORF pairs have the identical promoter and 5’ UTR, changes in steady-state levels
almost certainly reflect changes in mRNA stability (25). Of the nine genes in which the wild-
type and ORF-deleted loci have extremely similar poly(A) profiles, six have ~2-fold higher lev-
els of RNA in the WT strains relative to the AORF strain, and one (RRP6) has a 9.6-fold higher
RNA level in the WT strain (Fig. 7A and Table S1). Thus, for seven out of these nine genes, it
appears that the protein-coding sequences stabilize the mRNA in a 3'-isoform-independent
manner. In striking contrast, the ORF-deleted REF2 gene has 34 times higher RNA levels than
the wild-type REF2 gene. Possible explanations, not mutually exclusive, for this remarkably dis-
cordant effect might be strong destabilizing elements in the wild-type REF2 gene, artifactual
high stability of the ref2-AORF RNA, or an autoregulatory phenomenon in which loss of REF2
function causes increased transcriptional initiation from the REF2 promoter.

We initially generated 26 ORF-deleted genes but could only analyze poly(A) profiles
for the 10 genes described in Fig. 1. For the remaining 16 genes, RNA levels in either the
wild-type or ORF-deleted strain were too low for assessing the poly(A) profile. In most (13
out of 16) of these cases, the WT:AORF RNA ratio is very high (>5-fold; median, 26.4; range,
5.5 to 360; Fig. 7B and Table S2) and highly significant (P = 1.4 x 1077, Mann-Whitney U
test), indicating that most of these protein-coding regions exert a very strong mRNA-sta-
bilizing effect. There is no relationship between the stabilizing effect of the coding region
(WT:AORF RNA ratio) and translation efficiency of the wild-type gene as determined by
ribosome profiling (26) (Pearson R = 0.05, P > 0.05).

Comparison of steady-state RNA levels of WT versus ADAR2 insertion loci provides infor-
mation on how a heterologous coding region can influence mRNA stability. Interestingly,
the WT:ADAR2-insertion ratios of RNA levels vary between 0.2 and 2.4, but most genes are
minimally affected (<2-fold change in expression ratio) by ADAR2 insertion (Fig. 7C and
Table S2). However, mRNA levels of five genes are altered by >2-fold, indicating that the
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FIG 7 Protein-coding sequences typically stabilize steady-state mRNA levels. (A) Expression ratios
(log,) of steady-state levels (sum of all reads in each 3’ UTR) of the AORF allele with respect the
corresponding WT allele of the 10 genes for which poly(A) profiles can be compared. (B) Expression ratios
(log,) of steady-state levels of the AORF allele with respect to the corresponding WT allele of the 16 genes
for which poly(A) profiles cannot be assessed due to insufficient sequence reads in at least one sample. (C)
Expression ratios (log,) of steady-state levels of the ADAR2 insertion allele with respect the corresponding
wild-type alleles.

ADAR2 coding region can either stabilize or destabilize mRNA levels, depending on the
gene. This observation suggests that mRNA stability effects mediated by the ADAR2 and
native yeast coding regions are not independent.

DISCUSSION

The 3’ UTR is sufficient to determine the polyadenylation profile for the vast majority
of yeast genes. We examined the relative contributions of 3’ UTRs and ORF sequences
to poly(A) profiles by performing three types of experiments across 27 yeast loci: (i) complete
ORF deletion in 10 genes; (i) a 1.5-kb in-frame insertion of ADAR2 coding sequences immedi-
ately upstream of 15 3’ UTRs; and (jii) reciprocal 3'-UTR swaps between two loci. Results from
all three approaches demonstrate that the 3’ UTR is the primary driver of poly(A) profiles.
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Specifically, pairwise correlation coefficients of wild-type versus mutant poly(A) profiles are
extremely high for a given 3’ UTR, indicating that the relative utilization of poly(A) sites is
nearly identical. While the number of genes assayed is limited, the near-uniform result (26 out
of 27 cases tested) indicates that poly(A) profiles for the vast majority of yeast genes are deter-
mined by the 3’ UTR. After the work here was completed, experiments involving highly rear-
ranged genomes suggested that isoform profiles are affected by larger transcriptional neigh-
borhoods (27). This apparent inconsistency with our results remains to be resolved.

mRNA 3’ ends are generated during Pol Il elongation by the cleavage/polyadenyl-
ation complex that cleaves the nascent transcript and then adds a poly(A) tail (14, 16—
18). Our results indicate that the 3" UTR is a functionally autonomous and modular entity
that generates the same poly(A) profile in a variety of different contexts, including when
transplanted to different chromosomal locations. Thus, both the Pol Il elongation and cleav-
age/polyadenylation complexes must distinguish between protein-coding regions and 3’
UTRs. This distinction is particularly important because poly(A) sites are largely restricted to
3’ UTRs even though protein-coding regions are larger.

Evidence that the long AT- and/or AU-rich stretch is important for distinguishing 3’
UTRs from coding regions. The distinction and functional independence of ORFs and
3’ UTRs are ultimately due to broad sequence differences at the DNA and/or RNA level. Unlike
ORFs, yeast 3" UTRs have relatively long AT- (or AU)-rich stretches, leading to our previous
speculation that these stretches were permissive for polyadenylation (6). The striking upstream
shift in the poly(A) profile conferred by the byeT-AORF allele is consistent with this idea and
further suggests that regions of high AT (or AU) richness play a role in the distinction between
ORFs and 3" UTRs. In this allele, the 5'-UTR sequence immediately juxtaposed to the BYET 3’
UTR has an abnormally high AT content compared all the other wild-type and ORF-deleted
genes tested. In essence, this exceptional situation shifts the AT-rich stretch further upstream,
thereby establishing a functional connection between this stretch and poly(A) site utilization.

Although ~80% of all polyadenylation events in yeast take place in a 200-nt window
located 50 to 250 nt downstream from the stop codon, some poly(A) sites are located imme-
diately downstream of ORFs. The corresponding 3'-mRNA isoforms likely have shorter AU-rich
sequences and fewer specificity elements, yet their relative utilization is not generally affected
by sequences at the end of ORFs. One explanation for this observation is that AU-rich regions
and positioning elements are dispensable for ORF-proximal poly(A) sites.

However, cleavage and polyadenylation require that the nascent RNA exit the Pol Il
elongation complex, which occurs at least 20 nt beyond the actual cleavage site (28).
Thus, the strong preference for polyadenylation within 3" UTRs is likely to involve Pol Il elonga-
tion through the AT-rich region, which is significantly larger than the AU-rich region in the
MRNA isoform. An attractive, but clearly speculative, model is that elongation through these
AT-rich regions results in compositional and/or conformational changes in the Pol Il elongation
machinery that facilitate association and subsequent activity of the cleavage/polyadenylation
complex. In this regard, the especially AT-rich region of the byeT-AORF allele has a very strong
T bias in the coding strand, and T stretches are associated with transcriptional termination by
bacterial (29) and archaeal (30) RNA polymerases and by eukaryotic RNA polymerase lIl (31). In
addition, the position weight matrix of the 50 nt AT-rich stretch in natural yeast genes (6)
shows 33 positions where T is favored over A in the coding strand and only 17 positions
where A is favored over T.

mRNA stability elements in protein-coding regions and 3’ UTRs function independ-
ently. Many yeast genes have mRNA stabilizing or destabilizing elements within their
3’ UTRs such that same-gene 3’ isoforms can have different half-lives (4). Same-gene
3’-mRNA isoforms can have extensive structural differences, often mediated by RNA-
binding proteins, that are linked to association with the differential poly(A)-binding
protein binding and with mRNA stability (32). Although we have not directly measured
3’-isoform half-lives in this paper, the near-identical poly(A) profiles of paired loci with
or without ORF sequences indicate that variation in stability of 3" isoforms is mediated
primarily by 3’ UTRs.

In contrast, most of the ORF-deletion derivatives exhibit reduced expression of all 3" iso-
forms within the 3’ UTR, indicating that protein-coding sequences can contain elements
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that stabilize mRNAs. Thus, mRNA stability elements within protein-coding regions and 3’
UTRs function independently. This suggests that stability-influencing RNA:RNA and RNA:pro-
tein interactions between ORFs and 3’ UTRs are likely to be minimal.

The mechanism(s) by which protein-coding regions typically stabilize mRNAs is unknown.
However, ORF sequences within mRNAs are frequently structured, and secondary structure
within coding sequences is positively correlated with enhanced mRNA stability (33, 34). RNAs
transcribed from AORF alleles might be rapidly degraded due to the absence of secondary
structure, or they might be subject to the nonsense-mediated decay pathway, although they
lack extended untranslated coding regions that are important for this pathway (35, 36).
Another possibility is that RNA sequences within protein-coding regions, but not 5" UTRs or 3’
UTRs, are preferentially bound by proteins that protect the mRNA from degradation activities.
Finally, RNA sequences within protein-coding regions could facilitate nuclear export, which
could remove the RNA from nuclear degrading activities and/or stabilize the RNA by associa-
tion with cytoplasmic entities. Any explanation must account for why most protein-coding
regions strongly stabilize mRNAs, whereas a significant minority does not.

Modularity of protein-coding regions and 3’ UTRs. Protein-coding regions and 3’
UTRs are, by definition, autonomous and functionally distinct with respect to translation via
sense and nonsense codons. Our results indicate that ORFs and 3’ UTRs are also independ-
ent and functionally distinct modules with respect to polyadenylation profiles (and subse-
quent transcriptional termination dependent on the RNA cleavage step) and 3'-mRNA iso-
forms stability variation. The molecular basis of this functional distinction is incompletely
understood, but the behavior of the ORF-deleted BYET allele suggests that long stretches of
high AT content and mechanistic properties of the Pol Il elongation machinery may play
functional roles. RNA structures and differential interactions with RNA-binding proteins may
also contribute. This modularity also suggests that chimeric protein-coding genes with a het-
erologous 3" UTR will generally have regulatory properties associated with that 3" UTR. This
might include not only alternative poly(A) sites and 3’-isoform stability variation but also
properties such as intracellular localization, microRNA regulation, and developmental regula-
tion. Thus, the modular nature of 3" UTRs could control gene function in a manner analogous
to the way transplanted promoters can regulate gene expression under specific environmen-
tal or developmental conditions.

MATERIALS AND METHODS

Strains. Deletions of the protein-coding ORFs and, and transplantations of the 3" UTR were introduced into
the JGY2000 strain (MATa, his3A0, leu2A0, met15A0, ura3A0, rpb1:RPB1-FRB, rpl13:RPL13-FK512) by CRISPR using
derivatives of pML104 (37) to supply Cas9 and guide RNA. Insertion of the large ADAR2-E465Q-3V5 sequence
(referred to as ADAR2) upstream of the 3" UTR was accomplished by PCR-mediated integration. All strains were
confirmed by PCR and Sanger sequencing. Oligonucleotides and strains used in this work are listed in Table S3.

RNA analysis. All strains were grown in duplicate in 50 ml of YPD to optical density at 600 nm of 0.3
to 0.4 at 30°C. Total RNA was isolated and purified from 15 to 20 ml of cells using the hot acid phenol method
followed by Qiagen RNeasy as described (19). 3" READS was performed with 25 g of purified total RNA with
18 cycles of amplification as described previously (38). Barcoded libraries were quantified on an Agilent
Bioanalyzer 2100, pooled, and sequenced on the Illumina NextSeq 500 platform.

Data analysis. Sequencing data were processed as described previously (19) using Python 3 (www
.python.org). After separating sequence reads from multiplexed libraries by barcode into output from
individual samples, we removed adapter sequences from read ends and discarded reads that contained ambigu-
ous bases or did not start with a T (corresponding to an A at the mRNA 3’ end, potentially from polyadenylation).
We counted and deleted consecutive Ts at the beginning of each read, after which we mapped the first 17 nt of
remaining sequence for each read were mapped to the Saccharomyces cerevisiae genome (version Sac cer3)
using Bowtie (39), allowing no mismatches and excluding nonunique matches. To ensure that we were working
with posttranscriptionally adenylated RNA, we examined the genomic sequence immediately downstream of
each mapped read, keeping only those reads for which the initial T count exceeded the number of consecutive
A residues in the adjacent genomic sequence. Last, we scaled the remaining mapped reads for each replicate to
a total of 25 million.

End zone parameters. We assigned reads to a gene’s 3’ UTR if they mapped to the 400-nt window
immediately downstream of its ORF (i.e, +1 represents the first nucleotide downstream of the stop codon).
End zone profiles (poly(A) profiles) were constructed by setting the maximally expressed isoform (max isoform)
in each gene’s 3' UTR to 100 and linearly scaling expression levels of all other isoforms for that gene relative to
this maximal value. All loci analyzed in this work possess a minimum 3’-UTR total of 500 scaled reads in each
context (wild-type and ORF deletion, ADAR2 insertion or 3'-UTR transplantation).
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Poly(A) profile correlation analysis across subregions and whole 3’ UTRs. In most cases, correlations
of poly(A) profiles were performed by comparing scaled reads of wild-type versus mutant (ORF deletion,
ADAR2 insertion, or 3'-UTR transplantation) loci at all 3'-UTR positions. For the 3’-UTR transplantation
experiments (identical ORFs fused to different 3" UTRs; Fig. 5), all nucleotide positions that were an A residue in
either 3" UTR were eliminated from consideration, and poly(A) profile correlations were computed across all
remaining non-A positions.
For the analysis of poly(A) site usage similarity at wild-type and mutant loci as a function of location within
3’ UTRs (Fig. 6), we subdivided the 3" UTR into eight 50-nt windows commencing with +1 to +50 and ending
with +351 to +400. For each window, we computed a single correlation score across the 50 possible positions
for any locus that contained a minimum of 100 reads in both wild-type and mutant (ORF deletion, ADAR2
insertion, or 3’-UTR transplantation) contexts. Because most poly(A) reads are located between positions +50
and +250, upstream (+17 to +50) and downstream (4251 to + 300, +301 to +350 and +351 to +400) win-
dows contain fewer data points.
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