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Cells have compensatory mechanisms to coordinate the rates of
major biological processes, thereby permitting growth in a wide
variety of conditions. Here, we uncover a compensatory link
between cleavage/polyadenylation in the nucleus and messenger
RNA (mRNA) turnover in the cytoplasm. On a global basis, same-
gene 3 mRNA isoforms with twofold or greater differences in
half-lives have steady-state mRNA levels that differ by signifi-
cantly less than a factor of 2. In addition, increased efficiency of
cleavage/polyadenylation at a specific site is associated with
reduced stability of the corresponding 3’ mRNA isoform. This
inverse relationship between cleavage/polyadenylation and
mRNA isoform half-life reduces the variability in the steady-state
levels of mRNA isoforms, and it occurs in all four growth condi-
tions tested. These observations suggest that during cleavage/pol-
yadenylation in the nucleus, mRNA isoforms are marked in a
manner that persists upon translocation to the cytoplasm and
affects the activity of mRNA degradation machinery, thus influenc-
ing mRNA stability.
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Cells coordinate the rates of major biological processes in
accord with their growth rate, which can vary greatly
depending on environmental conditions such as nutrients and
temperature. As part of this coordination, cells have mecha-
nisms in which effects on one process are compensated for by
effects on another process to maintain an appropriate cellular
balance. For example, yeast cells have a mechanism in which
synthesis and degradation of messenger RNA (mRNA) are
linked in a circular manner (1-3). This mechanism coordinates
mRNA synthesis and degradation to maintain overall steady-
state. mRNA levels at the desired amounts. For example,
mutant strains with reduced global levels of mRNA synthesis
typically have steady-state mRNA levels that are comparable to
those in wild-type cells (4-6), presumably due to reduced
mRNA degradation.

In the yeast Saccharomyces cerevisiae, the average gene yields
~50 3" mRNA isoforms arising from different cleavage/polyade-
nylation sites in its 3’ untranslated region (3'UTR) (7-9). We and
others previously measured the half-lives of >20,000 3’ mRNA
isoforms originating from thousands of genes in yeast cells grown
in YPD (yeast extract-peptone—dextrose) medium (10, 11). This
was accomplished by measuring the relative levels of 3’ isoforms
at multiple time points after blocking RNA polymerase (Pol) II
transcription. The Pol II shutoff was achieved either by rapidly
depleting Rpbl, the catalytic subunit of Pol II, from the nucleus
(10) by the anchor-away method (12) or by thermally inactivating
a temperature-sensitive Rpb1 derivative (11). The 3' mRNA iso-
forms, even when they end just one or a few nucleotides apart,
can differ dramatically with respect to mRNA stability (10, 11),
structure throughout the 3’'UTR (10, 13), and association with
Pab1, the poly(A)-binding protein (10, 13).

The steady-state level of an mRNA isoform is determined by
its rate of production and its rate of decay (3, 14, 15). In absolute
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terms, the rate of production depends on transcription, splicing,
and cleavage/polyadenylation. In yeast, same-gene 3’ mRNA iso-
forms are transcribed from a common promoter through the
coding region, and splicing is limited to a small subset of genes.
As such, the relative rates of production of same-gene 3’ mRNA
isoforms in yeast are determined by the relative rates of cleav-
age/polyadenylation at the sites that correspond to the specific
isoform endpoints. Here, we use steady-state levels and half-lives
of individual 3’ mRNA isoforms in yeast cells to calculate their
relative rates of production. Unexpectedly, we find that, in four
different growth conditions, the efficiency of cleavage/polyadeny-
lation at a specific site is inversely related to stability of the cor-
responding 3’ mRNA isoform. This compensatory link between
cleavage/polyadenylation and mRNA decay acts to dampen the
variability of steady-state mRNA levels.

Results

Calculating Production, and Hence, Cleavage/Polyadenylation, Rates
for Individual 3’ mRNA Isoforms. The steady-state level of an
mRNA isoform is determined by its rates of production and
decay (3, 14, 15). For same-gene 3’ mRNA isoforms in yeast,
the relative rates of production reflect the relative rates of
cleavage/polyadenylation at sites corresponding to the isoform
endpoints. For each isoform i, the relationship between
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production (B;), decay («;), and steady-state level (M;) is given
by the equation M; = B;/o; (see Materials and Methods). Because
isoform decay o; is proportional to the computed half-life A;
(o = In2/ );; see Materials and Methods), production (and hence
cleavage/polyadenylation) rates for individual 3’ isoforms can
be calculated from measurements of their steady-state levels
and half-lives. Using similar methodology, relative mRNA
half-lives have been calculated based on steady-state levels and
production rates obtained by metabolic labeling or precision
run-on sequencing (15-17).

Efficiency of Cleavage/Polyadenylation Is Inversely Related to
Stability of 3’ mRNA Isoforms. To address the relationship
between cleavage/polyadenylation and mRNA stability, we
compared the relative half-lives, steady-state transcript levels
(defined at the initial time point), and production rates (see
above) of the most and least stable isoforms for thousands of
yeast genes. For each 3’UTR, we identified the two isoforms
with the most widely diverging half-lives and then determined
the following three ratios (all downstream/upstream) for the
isoforms: that of their steady-state levels, that of their half-lives,
and that of their production rates. We then considered three
categories of 3'UTRs: “downstream less stable,” in which the
downstream isoform is greater than twofold less stable (i.e., has
a greater than twofold shorter half-life) than the upstream iso-
form; “downstream more stable,” in which the downstream iso-
form is greater than twofold more stable than the upstream
isoform; and a control group in which the isoforms are similarly
spaced and have comparable half-lives. According to the above
equations, if two mRNA isoforms are generated at the same
rate and differ in their half-lives by a factor of 2, the steady-
state levels of these isoforms should also differ by a factor of 2.
In addition, the production and half-life ratios should be inde-
pendent of each other.

We tested this idea on our transcriptome-scale dataset of 3’
mRNA isoform half-lives and steady-state levels in YPD
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Fig. 2. Median production and stability ratios for most- and least-stable
same-gene isoforms are inversely related in YPD medium. Three classes of
most- and least-stable isoform pairs are considered, based on whether the
downstream isoform is more stable, less stable, or comparably stable to
the upstream isoform. For each group, distributions of relative production
rate ratios (purple boxes) and relative steady state ratios (at t = 0; blue
boxes) are shown alongside the half-life ratio of the same isoforms (gold
boxes). Ratios are plotted as log, downstream/upstream isoform values.
Data (10) are tabulated in SI Appendix.

medium (10). Unexpectedly, 3’ mRNA isoform pairs with at
least a twofold difference in half-life exhibit a smaller differ-
ence in steady-state level, indicating that the production levels
of these paired isoforms are not equivalent (examples shown in
Fig. 1 and SI Appendix, Fig. S1). The production ratios are not
independent of, but rather are inversely related to, the half-life
ratios, indicating a relationship between cleavage/polyadenyla-
tion and mRNA stability. These observations do not depend
upon whether the more stable isoform is upstream or down-
stream of the less-stable isoform. In contrast, isoform pairs with
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Fig. 1. Examples from a published dataset (10) showing compensation between cleavage/polyadenylation and mRNA stability in YPD medium. For each
gene, the most- and least-stable isoforms are compared with respect to isoform stability (orange bars, values on left y axis), relative production rate (pur-
ple bars, values printed on the bars), and steady-state level (blue bars, values on right y axis). Three examples are shown for each of the “downstream
less stable,” “downstream more stable,” and “control” 3'UTR categories. The boxed number above each pair of bars gives the ratio of values for the two
isoforms (always expressed as downstream/upstream).

PNAS Moqtaderi et al.

https://doi.org/10.1073/pnas.2121488119 A compensatory link between cleavage/polyadenylation and mRNA
turnover regulates steady-state mRNA levels in yeast

20of6


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121488119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121488119/-/DCSupplemental

Downloaded by Kevin Struhl on January 20, 2022

Minimal YPD Sorbitol YPGal
LDB16 KIN3 ECM33 BUD14
Steady-state Steady-state Steady-state Steady-state
E ° - OHalf-life Prod. level 5| = 0Half—life Prod. level 0 ol & OHaIf-Iife Prod. level °| = OHaIf-Iife Prod. level <
® o £ 84 03 24 3| £ 55 0.6 3.0 3| L 8.3 0.4 3.1 3| £ 4306 24 3
O ® E 300w| E o| € 60 ol & o
ﬁ < §,40 IS §2O 100:@ £ 100:-'(5 §20 1005
g o 2 0% o 2| @ % 2| e 2
O] w & 100 © | w © | 20 b ®© | N ®©
S El & s 0o Bl o 0o &2 o = o H|E o [LAES 0 &
Isoform: =S =& =& Isoform:2 ¥ L3I Isoform: 58585 3 Isoform: {8 B X B
TYYYYY TYFTYTY frtyty TYYTYY
GBP2 OLA1 RPS14A GIR2
Steady-state Steady-state Steady-state Steady-state
—~  Half-life Prod. level — | ~ Half-life Prod. level — | ~ Half-life Prod. level —| ~ Half-life Prod. level —
€ o 09 0C| 850 20008 0
S 5 3 8§, |o21503 3 >
o2 150 © 150 0| 2 15000
T © S| E30 8
@ 100 @ 100% | 3 o 1000%
2 7 50 § 50 8| 5 500 8|
o o 3 |5 10 ® 3
- 2 2 ® &3 o]
(] 0 0 0 |T 0 0 o
Isoform: 82828
- F - F —
+ + +
ALO1 CDC9 FCY21
Steady-state Steady-state Steady-state Steady-state
—~ _ Half-life Prod. level — | —~ Half-life Prod. level — | —~ _ Half-life Prod. level — | —~ _ Halflife Prod. level —
@' 50 @ 15 1002 | 8 50 S| 230 100°C
S 40 = L1540 Q)5 2
o | £ £ 40 o| E 2| £ 5 Qo
£ | Ea0 3 5| E 30 5| E S
5 |22 2 5 z22 Zl 210 3
O | £ 10 = N o 8| 10 ©© g5 o 3
T 0 T 0 N N E/_') T O ~ 5 T O ~ a
Isoform: 2 © Isoform:3 =B =B & Isoform:8 & 8 & 8 & Isoform:5 3 %5 B &5 8
NOANOANM T T — T ~ AN~ N — N
+ F + F + F + + + + + + + + + + + +
Fig. 3. Examples showing compensation between cleavage/polyadenylation and mRNA stability in Minimal, YPD, Sorbitol, and YPGal media. For each

gene, the most- and least-stable isoforms are compared with respect to stability (orange bars, values on left y axis), relative production rate (purple bars,
values printed on bars), and steady-state expression level (blue bars, values on right y axis). Examples are shown for each of the “downstream less stable,”
“downstream more stable,” and “control” categories for every growth condition. Ratios (humbers above the bars for each isoform pair) are expressed as

downstream/upstream isoform values.

similar half-lives have similar ratios for steady-state levels and
production rates.

On the transcriptome level, if cleavage/polyadenylation and
mRNA stability are independent of each other, the simple
expectation is that the median half-life ratio should be the
same as the median steady-state ratio, and the median produc-
tion ratio should be 1 (log, = 0). However, isoform pairs with
at least a twofold difference in half-life show significantly less
than a twofold median difference in steady-state levels, and
they have a median production ratio that significantly differs
from 1 (Fig. 2; median values shown as horizontal lines within
box plots). Interestingly, for these classes of isoform pairs, the
magnitude of the isoform half-life ratios is larger than that of
the production ratios, which reduces the steady-state ratios to
below 1.

These observations hold, to comparable extents, for isoform
pairs in either the “downstream less stable” category (log,
median half-life ratio = —1.46, log, median steady-state ratio =
—0.44, and median log, production ratio = 1.07) or the
“downstream more stable” group (log, median half-life ratio =
1.30, log, median steady-state ratio = 0.33, and median log,
production ratio = —0.99). The relative levels of the down-
stream isoforms are higher than expected when they are less
stable and lower than expected when they are more stable, rela-
tive to the upstream isoform (P < 2 x 107'® for both groups,
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Mann-Whitney U test). In accord with the difference in median
ratios for half-lives and steady-state levels, the distributions of
the steady-state ratios (blue boxes representing values between
the 25th and 75th percentile) are also shifted. In contrast, iso-
form pairs having similar half-lives have median steady-state
levels that are essentially the same (log, median half-life ratio
= 0.01 vs. log, median steady-state ratio = —0.08; P > 0.05,
Mann-Whitney U test).

We validated these results by analyzing an independent dataset
comprising half-lives and steady-state levels of 3 mRNA isoforms
in yeast cells (11). This dataset involved a different method of Pol
IT inactivation (shifting a temperature-sensitive Pol II strain to the
restrictive temperature), a different method of converting poly(A)
RNA into a library for sequencing, and genotypic differences
between strains. Nevertheless, the results obtained with this inde-
pendently generated dataset (SI Appendix, Fig. S2 A and B) are
remarkably similar to the results shown in Figs. 1 and 2. Thus,
these results suggest that yeast cells have a compensatory link in
which increased frequency of cleavage/polyadenylation is linked to
decreased mRNA half-life, thereby reducing the variation in
steady-state 3’ mRNA isoform levels.

The Compensatory Link between Cleavage/Polyadenylation and
mRNA Stability Is Observed in Multiple Growth Conditions. To
address the generality of this compensatory link, we performed
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Fig. 4. Median production and stability ratios for most- and least- stable same-gene isoforms are inversely related in Minimal, YPD, Sorbitol, and YPGal
media. Three classes of most- and least-stable same-gene isoform pairs are considered, based on whether the downstream isoform is more stable, less sta-
ble, or comparably stable to the upstream isoform. For each group, distributions of relative production rate ratios (purple boxes) and relative steady-state
ratios (at t = 0; blue boxes) are shown alongside the half-life distributions of the same isoforms (gold boxes). Ratios are plotted as log, downstream/
upstream isoform values. Data (10, 30) (GEO accession no. GSE191091) are tabulated in S/ Appendix.

similar analyses on yeast cells grown in the following conditions:
glucose-containing rich medium (YPD), galactose-containing
rich medium (YPGal), nutrient-poor minimal medium (Mini-
mal), and YPD containing 1 M sorbitol (Sorbitol), an inducer of
osmotic stress. It should be noted that the method for RNA
analysis in these experiments (3’ READS) differs from that used
in the experiments shown in Figs. 1 and 2 (direct RNA sequenc-
ing). Similar results are obtained in all four growth conditions
(see Fig. 3 and SI Appendix, Figs. S3-S6 for specific examples
and Fig. 4 for transcriptome-scale analysis), indicating that this
compensatory link is a general phenomenon.

Discussion

We demonstrate an inverse relationship between mRNA stability
and the efficiency of cleavage/polyadenylation in S. cerevisiae. For
cells grown in YPD medium, very similar results are observed
from analysis of three independent datasets that involve two dif-
ferent laboratories, three different methods of RNA analysis, two
different methods for inactivating Pol II and generating 3’ iso-
form half-lives, and two different yeast strains. In addition, very
similar results are observed when yeast cells are grown under dif-
ferent environmental conditions. The fact that the same phenom-
enon is observed, both qualitatively and quantitatively, in the six

40f6 | PNAS
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very different datasets makes it exceedingly unlikely that these
results arise from an ad hoc technical or analytical artifact. This
inverse relationship indicates that yeast cells have a compensatory
link between cleavage/polyadenylation and mRNA stability that
reduces the variation in steady-state 3' mRNA isoform levels.

The compensation between cleavage/polyadenylation and
mRNA stability is not complete, because median half-life dif-
ferences are greater than median production differences. In
addition, the magnitude of this inverse relationship, and hence
the degree of compensation, varies among 3'UTRs. The high
reproducibility among replicates indicates that the variable level
of compensation is not due to statistical variation. These obser-
vations indicate that cleavage/polyadenylation and mRNA sta-
bility are not strictly linked and that the relationship between
these parameters can differ among same-gene isoforms. We
performed Gene Ontology analysis on genes showing high lev-
els of compensation but did not find any biological categories
that are significantly enriched.

This compensatory link is surprising, because cleavage/polya-
denylation is a rapid event that occurs in the nucleus upon pas-
sage of Pol II through the 3’UTR, whereas mRNA turnover
takes place in the cytoplasm and is relatively slow. This suggests
that during the cleavage/polyadenylation process, the mRNA is
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imbued with a “mark” that persists upon translocation to the
cytoplasm, where it affects the efficiency of mRNA degradation
and hence mRNA stability. This “marking” process could
involve the length of the poly(A) tail, a chemical modification
of the RNA itself, or a protein bound to the mRNA, presum-
ably at or near the site of cleavage/polyadenylation.

The concept of nuclear-generated marking of mRNA leading
to increased mRNA degradation has been established for
nonsense-mediated decay, the surveillance pathway whose
main function is to target mRNAs containing premature trans-
lational termination codons that encode truncated proteins for
rapid degradation (18, 19). The prevailing model is that UPF
proteins associate with nascent mRNA in the nucleus. In mam-
malian cells, UPF proteins are also part of the exon—exon junc-
tion complex bound to mRNA after splicing, but this is not the
case in yeast, where few genes are subject to mRNA splicing.
Upon transport to the cytoplasm, translation of the UPF-
marked mRNA causes dissociation of the UPF proteins.
Untranslated regions downstream of the nonsense codon retain
UPF proteins, which act as signals for rapid and specific degra-
dation of mRNAs containing premature stop codons.

Whatever its molecular nature, placement of the mark that
influences mRNA decay must be linked to the efficiency of
cleavage/polyadenylation. For example, as cleavage/polyade-
nylation is carried out by the same complex, more efficient
cleavage might result in longer poly(A) tails, a phenomenon
observed in vitro (20). mRNAs with longer poly(A) tails are
likely to be more efficient at binding Pab1, the poly(A)-bind-
ing protein that stimulates the Ccr4-Not deadenylase and the
degradation process (10, 21-27). Alternatively, variation in
cleavage/polyadenylation among sites within mRNA might
result in different levels of RNA modifications (28) and/or an
associated protein that could influence (either positively or
negatively) the rate of mRNA degradation. In this regard,
Pabl (10) and other proteins (11, 29) bind differentially to 3’
mRNA isoforms. Biologically, this compensation mechanism
allows cells to maintain relatively similar levels of mRNAs
even when the cleavage/polyadenylation rate, whether of indi-
vidual isoforms or on a global level, changes in response to
environmental conditions.

Materials and Methods

Strains, Growth Conditions, and Library Construction. The analyses in this
paper are based on data obtained previously (10, 30) (Gene Expression Omnibus
[GEO] accession nos. GSE52286, GSE151196, and GSE191091) using the follow-
ing methods. Most of the data (10, 25) were generated using the yeast strain
JGY2000 (MATa, his3A0, leu2A0, met15A0, ura3A0, rpb1::RPB1-FRB,
rpl13::RPL13-FK512), which contains an anchor-away allele (12) of the Pol Il cat-
alytic subunit Rpb1 that permits rapidly sequestration of Pol Il in the cytoplasm
upon rapamycin treatment (10). Cells were grown in YP + 2% dextrose (YPD),
YP medium + 2% galactose (YPGal), YPD + 1 M sorbitol (Sorbitol), or nutrient-
poor minimal medium (MM; 2% dextrose, yeast nitrogen base with ammonium
sulfate and without amino acids, supplemented with uracil and essential amino
acids) to optical density at 600 nm = 0.3 to 0.4 at 30 °C. Cells were treated with
rapamycin (1 pg/mL final concentration) and samples taken prior to (t = 0) and
at various times after treatment. For all samples, 2 x 10° Schizosaccharomyces
pombe cells were added to 50 mL of cells to serve as a spike-in control.

To obtain 3’ mRNA isoform profiles on a transcriptome scale, total RNA
was isolated using the hot acid phenol method followed by Qiagen RNeasy
(13), and 3’ READS was performed with 17 cycles of amplification (31). Bar-
coded libraries were quantified on an Agilent Bioanalyzer 2100, pooled, and
sequenced on the Illumina NextSEq 500 platform.

The MIST-Seq dataset obtained by thermal inactivation of a strain harbor-
ing a temperature-sensitive allele of Rpb1 (rpb7-1) has been described previ-
ously (11).

Read Processing and Normalization. Sequence analysis was performed as previ-
ously described (10, 30). In summary, the first four nucleotides, representing ran-
dom sequences added during library construction, were removed from the 5
end of each sequence read. Next, consecutive T residues (representing potential
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poly(A) tail residues) at the 5" end of each read were counted, their number was
recorded, and they were removed from the read. Sequences not having at least
one initial T were discarded. The trimmed reads were mapped using Bowtie (32)
to a merged reference genome consisting of both S. cerevisiae (Sac Cer 3
genome build) and S. pombe (EF2 build), discarding any reads not mapping
uniquely. The reference genome adjacent to each mapped read was examined,
and any reads for which the previously recorded number of initial Ts did not
exceed the number of As in the neighboring reference genome sequence were
discarded. The remaining reads were deemed to be true poly(A) reads.

Within each biological replicate, isoform levels were corrected to
account for a time-dependent global decrease in mRNA levels upon Pol II
shutoff. For individual (non-steady-state) time points, this was performed
by first multiplying the noncorrected isoform read values by the fraction
of total S. pombe spike-in reads at t = 0 and then dividing by the fraction
of all S. pombe spike-in reads at the given (non-steady-state) time point.
Previously unpublished datasets have been deposited to GEO (accession
no. GSE191091).

Computation of Isoform Half-Lives. Isoform half-lives were calculated as
described previously (10). To ensure reliable measurements, isoforms were
required to have >30 reads at the initial time point. After identifying the
first time point at which the number of reads was >10-fold lower than at t
= 0, half-lives were calculated half-lives using the Excel LOGEST function
using the data within that time interval. For very stable isoforms in which
the number of reads never dropped below the 10-fold threshold, half-lives
were calculated using all the data up to t = 120 min. Isoforms with unreli-
able half-life measurements (R? < 0.7), those with maximal reads at non-
steady-state time points, and those that mapped to genes containing
fewer than two isoforms with reliable half-lives were eliminated from the
analysis. For the dataset involving the Pol Il temperature-sensitive deriva-
tive (11), reads from individual bedgraph files were consolidated, normal-
ized to S. pombe inputs and mapped to the genome (reads outside +1 to
+400 regions of 3’UTRs were not analyzed).

Calculation of Isoform Production Rates. If production rate and turnover are
both constant, then an isoform i's steady-state levels (M;) are linked to its pro-
duction (p;) and decay () rates by the following equation:

m =P [1]
&

The decay rate o; for each isoform is related to its calculated half-life (1) as
follows:

In(2)
Aj
To obtain each isoform’s production rate, we multiplied each isoform’s

steady-state expression level by its decay rate:

[2]

o =

&:waz%mm‘ 3]

i

production rate :

Classification of Genes into Downstream More Stable, Downstream Less
Stable, and Control Groups. In each dataset, for every gene with at least two
isoforms that fit the criteria above, the most- and least-stable isoforms were
first identified. Half-life ratios were computed by dividing the half-life of the
distal isoform by that of the proximal isoform. If the log, half-life ratio of the
distal/proximal isoform for a given gene was >1, the 3'UTR is classified as
“downstream more stable.” Conversely, if the log, half-life ratio of the distal/
proximal isoform was <—1, the 3'UTR is categorized as “downstream less
stable.” A 3'UTR was assigned to the “control” group if its log, half-life (dis-
tal/proximal isoform) was >-0.2 and <0.2. For these same isoform pairs,
steady-state expression ratios and production rates were computed by divid-
ing either the steady-state level or production rate of the distal isoform by the
steady-state level or the production rate of the proximal isoform. Log, produc-
tion and steady-state expression ratios for “downstream less stable,”
“downstream more stable,” and similarly spaced “control” categories were
then plotted in Figs. 2 and 4 and S/ Appendix, Fig. S2B.

Data Availability. RNA-sequencing data have been deposited in the Gene
Expression Omnibus (accession no. GSE191091).
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