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specialized RNA decay substrates, decapping-mediated

feedback, and redundancy

Reed S. Sorenson®', Malia J. Deshotel®’, Katrina Johnson®, Frederick R. Adler*®, and Leslie E. Sieburth®?

2Department of Biology, University of Utah, Salt Lake City, UT 84112; and "Department of Mathematics, University of Utah, Salt Lake City, UT 84112

Edited by Bonnie Bartel, Rice University, Houston, TX, and approved December 22, 2017 (received for review July 11, 2017)

The decay of mRNA plays a vital role in modulating mRNA abundance,
which, in turn, influences cellular and organismal processes. In plants
and metazoans, three distinct pathways carry out the decay of most
cytoplasmic mRNAs: The mRNA decapping complex, which requires
the scaffold protein VARICOSE (VCS), removes a protective 5’ cap,
allowing for 5’ to 3’ decay via EXORIBONUCLEASE4 (XRN4, XRN1 in
metazoans and yeast), and both the exosome and SUPPRESSOR OF
VCS (SOV)/DIS3L2 degrade RNAs in the 3’ to 5’ direction. However,
the unique biological contributions of these three pathways, and
whether they degrade specialized sets of transcripts, are unknown.
In Arabidopsis, the participation of SOV in RNA homeostasis is also
unclear, because Arabidopsis sov mutants have a normal pheno-
type. We carried out mRNA decay analyses in wild-type, sov, vcs,
and vcs sov seedlings, and used a mathematical modeling approach
to determine decay rates and quantify gene-specific contributions of
VCS and SOV to decay. This analysis revealed that VCS (decapping)
contributes to decay of 68% of the transcriptome, and, while it
initiates degradation of mRNAs with a wide range of decay rates,
it especially contributes to decay of short-lived RNAs. Only a few
RNAs were clear SOV substrates in that they decayed more slowly in
sov mutants. However, 4,506 RNAs showed VCS-dependent feed-
back in sov that modulated decay rates, and, by inference, transcrip-
tion, to maintain RNA abundances, suggesting that these RNAs
might also be SOV substrates. This feedback was shown to be in-
dependent of siRNA activity.

RNA degradation | posttranscriptional regulation | SOV/DIS3L2 |
RNA turnover | mathematical modeling

G ene expression is a highly regulated process with major re-
search focus on transcriptional control, and its resulting
impact on RNA abundance. However, RNA steady-state levels
arise through balanced activity of transcription and decay, and,
despite strong advances in understanding regulatory roles of
transcription factors (1, 2), we have only a rudimentary un-
derstanding of how cytoplasmic RNA decay pathways shape the
transcriptome. Specialized decay pathways, e.g., miRNA-specified
cleavage, target specific mRNA substrates (3), but most mRNAs
do not decay by specialized pathways, and instead undergo
deadenylation followed by either 3'-to-5’ decay [via the RNA
exosome or the exoribonuclease SUPPRESSOR OF VCS (SOV)/
DIS3L2], or by 5'-to-3’ decay, which removes the 7-methyl gua-
nosine cap (decapping) followed by exoribonucleolytic decay by
EXORIBONUCLEASE (XRN1 or XRN4) (4). The extent to
which these three cytoplasmic pathways contribute to overall de-
cay, whether they have specialized functions, and whether tran-
scripts show decay pathway specificity are not known.
Decapping of mRNA is executed by a DCP2—-DCP1 hetero-
dimer (5, 6). In metazoans and plants, decapping activity also
requires a scaffold protein, known as VARICOSE (VCS) in
plants and HEDLS/Ge-1/EDC4 in metazoans (7-10). Decapping
efficiency is also influenced by accessory factors, including Lsm
proteins and DExD/H-box RNA helicase Dhhl (11-16). Analy-
ses of mRNA decapping and 5'-to-3’ decay substrates carried out
in yeast suggested that most of the transcriptome decays via the
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5’-to-3’ pathway; however, contributions from other decay
pathways were not assessed (17). Potential roles for mRNA
decapping in shaping the transcriptome have been suggested in
studies of osmotic stress responses (18, 19), yet we have little
understanding of this pathway’s decay substrates.

RNA decay in the 3'-to-5’ direction is carried out by the RNA
exosome, a large multisubunit complex with both nuclear and
cytoplasmic functions, and also by SOV/DIS3L2 (20, 21). RNA
substrates of the exosome were analyzed in Arabidopsis using
knockdowns of exosome subunits and microarrays, which revealed
miRNA intermediates and noncoding RNAs, yet few mRNAs
(22). Nevertheless, the Arabidopsis RNA exosome is essential in
Arabidopsis, as loss-of-function mutations in the catalytic subunit
(RRP44) fail to produce female gametophytes (23).

We previously showed that SOV is a conserved 3’-to-5’
exoribonuclease that suppresses the phenotype of ves mutants by
contributing to decay of decapping substrates (23). In metazoans,
the SOV ortholog, DIS3L2, has emerged as an important ribo-
nuclease, as mutants show an overgrowth condition called Perlman
syndrome in humans, and a similar overgrowth condition in
Drosophila (24-26). Perlman arises because DIS3L2 is required
to degrade the uridylated precursor to the let-7 miRNA (25-28).
DIS3L2 has also been shown to degrade mRNAs (e.g., during
apoptosis and Drosophila development) and noncoding RNAs
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(24, 29, 30). Normal functions for this enzyme in Arabidopsis,
however, are not obvious, as the sov mutation was discovered in
the widely used wild-type Arabidopsis strain, Col-0 (23). One
goal for this study was to investigate the impact of SOV on the
Arabidopsis transcriptome.

Here we describe a genome-wide analysis of cytoplasmic
mRNA decay using single and double mutants with defects in
decapping and SOV. Maximum likelihood modeling allowed us
to determine the decay rates of 17,293 transcripts, and to
quantify the contributions of VCS and SOV to these rates.
Simple patterns of additive genotypic effects were found, but
also more complicated patterns suggesting activation of feedback
pathways in decay mutants. An analysis of the identified RNA
substrates indicated some specializations of the three decay
pathways, and an especially important role for mRNA decapping
in decay of short-lived RNAs.

Results

Strategy and Modeling. To identify the mRNA substrates of SOV
and mRNA decapping (Fig. 14), we carried out genome-wide
mRNA decay analyses using four Arabidopsis genotypes (Fig. 1B
and Table 1), expecting RNA substrates to decay more slowly in
RNA decay mutants. We analyzed mRNA decapping using vcs-7,
a null allele lacking the scaffold for the mRNA decapping complex
(7-9). Because ves-7 was isolated in the Col-0 accession, and Col-
0 is a sov mutant (23), we refer to this double mutant as ves sov.
The ves single mutant was analyzed using the previously described
transgenic line carrying the functional SOV allele from Landsberg
erecta expressed from its endogenous promoter (8, 23). We also
used a synthetic wild type (WT), the Col-0 accession carrying this
same transgene, and the sov single mutant (the Col-0 accession).
To measure RNA decay, we treated 5-d-old seedlings with a
transcription inhibitor (cordycepin), and collected samples across
an 8&h time course (higher temporal resolution at earlier time
points; Fig. 1B and Fig. S14). To include mRNA decay interme-
diates in our analysis, including deadenylated mRNAs and decay
intermediates, we isolated total RNA, subjected it to ribosomal
RNA depletion, and then carried out RNAseq.

Multiplexed sequence libraries averaged 28 million reads, and
98 to 99% mapped to the Arabidopsis genome. Each set of four
bioreplicates showed high reproducibility (mean Pearson corre-
lation = 0.993 between biological replicates) (Fig. S1B). Read
counts for each gene were normalized to library size, and libraries
were scaled to 1 x 10° Because stable RNAs become an in-
creasingly large proportion of library-normalized read counts as
RNA decay proceeds, we scaled read count values using a decay
factor for each library based on levels of 30 abundant and stable
RNAs (Dataset S1). To further facilitate decay rate comparisons,
data were normalized to the mean expression of the respective
initial (Tp) sample. After removing low abundance transcripts
[0 reads in the T, of any genotype, and those with a sum of the
mean Ty reads per million (RPM) from all genotypes <4], we
initiated analysis of mRNA decay data for 18,674 genes.

To identify the decay pathways used by each mRNA, we used
likelihood functions to estimate mRNA decay rates in each ge-
notype, and to assign each gene a statistically supported genotypic
effect. Modeling considered all 15 combinations of genotypic in-
fluences: An mRNA might show a different decay rate in each
genotype, a few genotypes might share decay rates, or all geno-
types could share the same decay rate (Fig. 1C). Typically, RNA
decay studies assume a single exponential decay curve (31-33);
however, the decay rate of some transcripts appeared to slow over
the time course. To accurately quantify these more complicated
decay kinetics, we compared exponential decay and decaying de-
cay models, and estimated parameters for the initial primary decay
rate (@) and a secondary decay of decay rate () for each tran-
script. As with the a groups, we reasoned that the decay-of-decay
rate might have the same 15 potential impacts of genotype on the
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Fig. 1. RNA decay experimental strategy and outcomes. (A) Schematic of
cytoplasmic RNA decay pathways in Arabidopsis. (B) Experimental design.
Five-day-old Arabidopsis seedlings were treated as presented. (C) Distribu-
tion of RNAs in RNA decay a groups indicating genotypic influence as a
histogram. Colored boxes within each group represent identically modeled
decay rates. (D) Depiction of RNA decay. WT transcript abundance changes
following inhibition of transcription were hierarchically clustered and are
presented as a heatmap. Clusters of transcripts with fast and slow decay
rates are indicated. (E) Proportional Venn diagrams show overlap in tran-
scripts that were stabilized (t1, > ti, WT), unaffected (ti, = t1, WT), or
destabilized (t2 < t1,2 WT) in mutants. Gray circles, sov; green circles, vcs;
pink circles, vcs sov.

slowing of decay rate, or decay rate might remain steady
throughout the time course (f = 0) (Fig. S24). We assessed data
quality using the estimated parameter for variance (o). This
revealed a high-quality data set of 17,293 genes, which was used
for all subsequent analyses, and a lower-quality set (1,381 genes,
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Table 1. Genotypes used in this study

Designation Genotype Decapping SOV Ref.
WT Col-0 (SOV-*") + + 23
sov Col-0 + — 23
vcs ves-7 (SOVEen — + 23
vCs sov ves-7 — — 8

o> > 0.0625) (Fig. S2 B-D). All data, and their quality scores, are
available in Dataset S1.

The mRNA Decay Landscape in Arabidopsis. An analysis of gene-
specific RNA abundance over the time course showed a diverse
range of decay rates, including groups with fast and slow decay
(Fig. 1D). Decay rates ranged from inestimably slow to very fast,
with the most rapidly degraded mRNA (DREBIB, At4g25490)
having a decay rate of 0.185 (¢;,> 3.7 min). These data compared
well to a previous genome-wide analysis of RNA decay in Ara-
bidopsis (32) (Fig. S2E), which found a similar range of decay
rates, although their shortest half-life was 12 min, and median
mRNA half-life also differed for the two studies (107 min for
WT in our study, vs. 228 min). These differences are likely due to
sampling strategies, methodologies, and tissues analyzed.

The identified contributions of mRNA decapping and SOV to
decay are depicted in Figs. 1E and 24. Gene-specific require-
ments for these pathways were evident because RNAs of some
genes decayed at the same rate in WT and mutants, and others
showed longer half-lives in the mutants, suggesting they were
VCS and SOV substrates. In ves, the median ¢;, was 30 min
slower (107 min to 137 min), and the 168-min median half-life in
ves sov (31 min longer than ves) indicated that SOV contributed
to decay of many of these mRNAs in ves mutants (Fig. S2F).
However, a striking and unexpected finding was that some RNAs
decayed faster in mutants. Surprisingly, a large majority of the
decay rates altered in sov were faster, with a median half-life of
97 min, 10 min shorter than the WT.

More detail about the patterns of VCS and SOV contributions
to RNA decay came from analysis of the a groups (Fig. 1C),
which, because of the presence of faster decay rates, were di-
vided into subgroups to reflect whether RNAs showed slower or
faster decay in the mutants; these are labeled numerically with
the a group number following a decimal as in Fig. 24; e.g.,
subgroup 12.1 is the largest subgroup (2,657 mRNAs). The three
most populated a groups, 5, 11, and 12, which together repre-
sented 46.4% of analyzed RNAs, demonstrated three important
patterns of cytoplasmic mRNA decay. The largest (18%) was a
group 11; these genes required VCS for normal decay of their
RNA, and, because they decayed more slowly in ves sov than ves,
they were also SOV substrates. The second-most populated was
a group 12 (16.8%); RNAs from these genes required VCS, but
not SOV, for normal decay rates. Third-most populated was a
group 5 (11.5%); this group’s RNAs were only affected in ves sov
seedlings, indicating functional redundancy between VCS and
SOV, as either pathway was sufficient to sustain normal decay
rates. These findings indicated that SOV has the potential to
make broad contributions to the transcriptome, but that, in
5-d Arabidopsis seedlings, mRNA decapping was typically suffi-
cient to sustain most normal decay rates. Representative exam-
ples of these and other decay patterns are also depicted in graphs
of actual and modeled data (Fig. 2B).

Contributions of SOV to decay were much more complex.
When examined in the ves mutant background, of the 9,112 genes
whose RNA required VCS for decay, 3,374 showed even slower
decay in ves sov, and, genome-wide, 77.7% of seedling-expressed
genes required VCS and/or SOV for normal decay (Fig. 2C).
However, SOV substrates that followed the predicted slower de-
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cay in sov mutants were rare. RNAs that were substrates for SOV,
but not decapping, were identified in a group 13 (Fig. 24). The
slower RNA decay rates for sov in subgroup 13.1 support a role for
SOV in cytoplasmic mRNA decay, albeit RNAs of only 197 dif-
ferent genes were in this group. RNAs with slower decay rates in
sov and that were also substrates for mRNA decapping were
found in a subgroups 1.10 (145 genes), 6.3 (212 genes), 8.3
(335 genes), and 10.3 (103 genes), which, together with 13.1,
comprised 5.7% of the analyzed genes. However, each of these a
groups contained much larger subgroups with RNAs that showed
faster decay in sov (subgroups 1.11, 6.4, 8.4, 10.4, and 13.2); these
2,953 genes (17% of modeled RNAs) decayed ~43% faster in sov
than in WT. These faster RNA decay rates demonstrate a com-
plicated influence of SOV on mRNA decay; siRNAs and feedback
as possible explanations are discussed in Elevated 21- to 22-nt
SiRNAs in RNA Decay Mutants Do Not Generally Associate with
Faster Decay Rates.

RNA decay that was independent of VCS or SOV, which we
call residual decay, arose from the combined activity of other
RNA decay pathways, and most activity is likely from the exo-
some. RNAs decaying exclusively by residual pathways were
found in a group 15 (975 RNAs; 5.6%); because this group
contained some very stable RNAs, it is possible that modest SOV
or VCS contributions to normal decay were not resolved. Re-
sidual decay was apparent in most RNA substrates of VCS and
SOV, as only 0.55% of RNAs decayed exclusively by VCS and
SOV (i.e., no degradation in vcs sov was detected) (Fig. 2C).

Elevated 21- to 22-nt siRNAs in RNA Decay Mutants Do Not Generally
Associate with Faster Decay Rates. The common faster RNA decay
rates in sov, and other less common patterns of faster decay,
including in ves and ves sov, were surprising, and led us to test
whether these arose from siRNAs, which have previously been
reported as elevated in mRNA decay mutants (21, 34). We se-
quenced small RNAs (<200 nt) from all four genotypes, using
seedlings age-matched to those of the decay analysis. Multiplexed
sequencing yielded an average of 10.5 million genome-aligned 21-
to 24-nt reads. A principal component analysis revealed clustering
of read lengths for each genotype, indicating high reproducibility of
bioreplicates (Fig. 34). The 21- to 22-nt reads, which have ascribed
roles in posttranscriptional gene silencing (3, 35), were widely sep-
arated for ves and ves sov, and clustered for sov and WT.

We identified siRNAs as 21- to 22-nt reads aligning antisense to
exons, indicating that they likely arose through the activity of an
RNA-dependent RNA polymerase, and quantified differential
expression using DESeq?2 (Padj < 0.05, |log, rel. abundance| > 2)
(Fig. 3B) (36). As described previously, siRNA levels were higher
in ves mutants than the WT (Fig. S34) (21, 34). In sov, where
faster decay was most common, only a single gene had elevated
siRNAs compared with WT (At2g01008), and this gene’s mRNA
decayed at the same rate in WT and sov. The lack of elevated
siRNAs in sov suggested that either the extensive faster mRNA
decay rates in sov arose from a mechanism independent of siRNAs
or that sov mutants might have heightened siRNA sensitivity. To
assess this latter possibility, we identified transacting siRNAs
(tasiRNAs) (37) and tested for heightened sensitivity by compar-
ing decay rates of their mRNA targets (Fig. S3 B and C). However,
most tasiRNA targets showed identical decay rates; only three
showed faster decay, a ratio similar to the genome-wide distribu-
tion of faster decay rates.

We also assessed siRNA levels and activity in ves and ves sov,
where we found genes with elevated 21- to 22-nt siRNAs (|log,
FC| > 2, Padj < 0.05) (2,235 and 3,244, respectively). Although
ves and ves sov had 2,826 and 1,896 genes that encoded faster-
decaying RNAs, faster decay rates did not appear to be
explained by siRNA-induced cleavage and decay. Most genes
encoding faster-decaying RNAs did not have elevated siRNAs
(75.5% and 83.8%, in ves and ves sov, respectively) (Fig. 3B).
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Indeed, a comparison of relative decay rates with relative sSiRNA
levels showed no significant relationship (Fig. 3C). These data in-
dicate that, in our system, faster decay rates in mutant backgrounds,
including those in sov, largely arose independently of siRNAs.

Feedback on mRNA Decay Defects. To assess whether the observed
faster decay rates might be feedback responses, we investigated
the relationship between altered decay rates and mRNA abun-
dance. A comparison of Typ RNA abundances in sov, vcs, and ves
sov, to those in the WT revealed tight correlations for sov (only
five mRNAs with significantly altered steady-state levels; Fig.
4A). By contrast, ves and ves sov mutants had many RNAs with
significantly altered steady-state levels, including ones elevated
or depleted relative to the WT.

To distinguish between RNA abundance differences that arose
as a direct result of altered mRNA decay and those that resulted
from indirect responses, we analyzed abundances of RNAs that
decayed at the same rate as WT separately from those that had
differing decay rates (Fig. 4B). In vcs and ves sov, many RNAs that
decayed with the same kinetics as WT showed altered abundances,
which suggested either altered transcription rates or changes in
populations of some cell types. The comparisons of ves and ves sov
RNAs with faster or slower decay rates also showed many RNA
abundance differences. We anticipated that slower-decaying RNAs
would be more abundant, and faster-decaying RNAs would be less
abundant; however, we saw no such pattern. To determine whether
the abundance differences reflected altered morphology in ves and
ves sov, we tested the differentially expressed genes for enrichment
of genes previously identified as showing cell type specificity (38, 39).
Modest enrichment of some cell types, e.g., xylem-related gene sets,
in the differentially expressed RNAs was found (Dataset S1), sug-
gesting an influence on some of the altered transcript abundances in
ves and ves sov.

By contrast, despite RNA abundances in sov resembling those
of WT, decay rates differed widely. Moreover, RNAs with mod-
estly higher abundance showed faster decay rates, and RNAs with
modestly lower abundance showed slower decay rates (Fig. 4B).
This pattern extended to RNAs with small decay rate differences
(Fig. S4), and is the opposite of the expectation for a simple decay
rate/abundance relationship. RNAs that are both more abundant
and faster decaying are likely to have elevated transcription rates.
Similarly, RNAs that are both less abundant and slower decaying
are likely to have slower transcription rates. These findings suggest
that SOV loss leads to feedback that maintains RNAs at WT
levels by adjusting both decay and transcription rates, reminiscent
of the feedback system between transcription and RNA degradation
that has been identified in yeast, called RNA buffering (17, 40).

A possible role for mRNA decapping in sov’s faster decay rates
was suggested by the heat map (Fig. 24), as faster decay was
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generally eliminated in ves sov. Faster-decaying RNAs were con-
centrated in subgroups 1.11, 3.2, 6.4, 8.4, and 10.4, and the faster
decay rates of all 3,320 of these RNAs were eliminated in vcs sov.
The decay profile of subgroup 1.11 is particularly interesting; VCS
was required to maintain normal decay rates of these 551 RNAs,
and, because their decay rates were even slower in vcs sov, they are
also SOV substrates. A similar case can be made for subgroup
10.4, where 939 RNAs showed faster decay in sov mutants, but, in
ves sov, they degraded more slowly than WT. These groups are
similar because the faster decay in sov was negated when
decapping was also lost, but they differ in that VCS is necessary
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to sustain normal decay rates for subgroup 1.11, but not 10.4.
Inspection of the heat map suggests similar explanations for
other cohorts of fast-decaying RNASs in sov mutants.

We also observed RNAs with faster decay rates in ves that
suggested the existence of SOV-mediated feedback. For exam-
ple, subgroup 11.2’s 315 RNAs decayed at the same rate in WT
and sov, faster in vcs, but then slower in ves sov, suggesting that
SOV was required for the faster decay in ves (Fig. 24). A general
moderating influence of SOV on mRNA levels was also revealed
in comparisons of Ty RNA abundances in ves (relative to WT)
and ves sov (Fig. 4B and Fig. S4B). Participation of both SOV
and VCS in feedback decay might also explain subgroup 8.4,
whose 361 RNAs have identical faster decay rates in sov and vcs,
but slower decay in vcs sov. Finally, not all of the faster decay
rates observed can be explained by SOV- and/or VCS-mediated
feedback. For example, RNAs in subgroup 2.2 (194) decay faster
in sov, ves, and ves sov, and RNAs in subgroup 12.2 (255) decay
faster in both ves and ves sov. This suggests additional decay
pathways might also participate in feedback.

Specialized Functions of mRNA Decay Pathways. To determine
whether the different cytoplasmic RNA decay machinery de-
grades functionally distinct mRNAs, we searched the a-subgroups
(Fig. 24) for overrepresented gene ontologies (GOs) (41). The
strongest enrichment was chloroplast part in subgroup 15.1 (VCS-
and SOV-independent decay) (Padj SE-31), and this subgroup also
showed strong enrichment for mitochondrial membrane (Padj
2E-12). Structural constituent of ribosome was strongly over-
represented in subgroup 12.1 (VCS-dependent decay), with Padj
2E-24, and this same subgroup showed overrepresentation of
RNA methylation (Padj 2E-19). Subgroups containing RNAs
that use both VCS and SOV also had overrepresented GOs,
e.g., subgroup 5.2 included plastid stroma (Padj 1E-14) and
glyceraldehyde-3-phosphate metabolism (Padj 1E-14), and sub-
group 11.3 included transcription factor activity (Padj 1E-08) and
response to chitin (Padj 3E-11). The distinct GO enrichments
suggest these mRNA decay pathways play distinct roles in shaping
the transcriptome. The complete set of GO enrichments for the
subgroups is provided in Dataset S1.

As a complementary approach, we calculated RNA decay
pathway dependence, which was the extent to which decapping,
SOV, or residual decay pathways accounted for each gene’s RNA
decay rate. For example, a gene was classified as highly VCS-
dependent if its RNA half-life was much longer in ves mutants
[loga (t72 ves/t;z WT)] or with high usage of residual decay
pathways if its RNA half-life in ves sov was close to that of the WT
(t12 WT/t;,2 ves sov). We then calculated the mean pathway de-
pendence (VCS, SOV, and residual) for each GO, and identified
GOs whose RNAs were highly VCS-dependent or had high re-
sidual decay pathway usage, but saw no strong SOV dependence
(Fig. 5A4). For example, most genes in procambium histogenesis,
vasculature development, regulation of organ growth, and re-
sponse to chitin GOs were strongly VCS-dependent, and showed
little dependence on SOV or residual decay in ves sov, whereas
the RNA polll TF complex and chaperone-mediated protein
folding GOs showed high residual decay pathway usage and little
SOV or VCS dependence. These functionally related mRNAs
with similar decay pathway preferences are candidates for
posttranscriptional coregulation.

To find other shared characteristics of VCS-dependent RNAs
or RNAs that decay by residual pathways, we expanded the GO
analysis to include half-lives and relative T, abundances in vces
and ves sov (Fig. 5B). Most VCS-dependent GOs tended to also
have short-lived RNAs (Fig. 5 4 and B). However, an exception
was the structural constituent of ribosome GO, whose RNA
decay showed generally strong VCS dependence, and the RNAs
were also typically long-lived. Nevertheless, highly VCS-dependent
GOs had a wide distribution of decay rates (Fig. 5 C and D). Most

E1490 | www.pnas.org/cgi/doi/10.1073/pnas.1712312115

GOs with high residual decay, by contrast, had generally long-lived
RNAs. For example, RNAs in the S-adenosyl methionine metabolic
process GO were strongly degraded by residual decay pathways, and
were generally long-lived. To see if these selected patterns repre-
sented a genome-wide trend, we compared VCS dependence and
residual decay to WT decay rates (Fig. 5E), and found VCS de-
pendence to be strongly correlated with short half-life (r = —0.237),
whereas high residual decay was correlated with long half-life (r =
0.079). A similar analysis examining mean GO dependence showed
a similar trend (Fig. 5C).

We also noted an increased relative abundance for many RNAs
in the GOs with fast decay and high VCS dependence (Fig. 5B).
This was unexpected, given the lack of a genome-wide correlation
between decay rate and abundance (Fig. 4B). Closer inspection
demonstrated that very rapidly decaying (¢;, < 15 min) VCS-
dependent RNAs were more abundant, but that this trend di-
minished quickly as decay rates slowed (Fig. S5).

To identify physical attributes that correlated with short RNA
half-lives, we examined intron number, which has been noted in
other studies, and intron presence interpreted as stabilizing the
resulting mRNA (32, 42, 43). We also found intron number to
correlate with half-life (Fig. 5F). Intron number was inversely cor-
related with decay rate (r = —0.22), and the shortest half-life RNAs
were transcribed from intronless genes (39 of the 50 shortest #;,
including the five shortest half-lives: AT4G25490, AT2G21210,
AT4G38840, AT2G17070, and AT2G17080). However, RNAs
from intronless genes also had the widest half-life distribution.
Moreover, RNAs with very long half-lives were represented in all
intron number classes, but there was a marked loss of short half-life
RNAs as intron number increased. Thus, introns appear to limit an
RNA’s capacity to show rapid decay rates, rather than low intron
number being a determinant of rapid decay. How the presence of
introns slows the half-life for the resulting mRNAs is unknown.

We also examined 5’ and 3’ UTRs for features that correlated
with decay rates. Although neither the 5’ nor 3’ UTR lengths,
nor coding region lengths, appeared to broadly influence decay
rates, we identified a strong 5" UTR nucleotide composition bias
(Fig. 5G). Increased A content and decreased G content were
strongly correlated with fast decay rates. This contrasted with nt
content of the coding sequence (CDS) and 3’ UTRs, where no
correlations were found (Fig. S5).

RNA Half-Life and Functions of Encoded Proteins. The analysis of
GOs containing RNAs with high VCS dependence or residual
decay and comparison with decay rates (Fig. 5) suggested that
short half-life RNAs encoded proteins that respond rapidly to
signaling or that encoded signal transduction components. To
extend this analysis, we examined the 150 GOs with shortest
mean WT half-life (range 17.8 min to 43.1 min); these included
seven of the nine “response to” hormone GOs, and the other two
(responses to ABA and to brassinosteroid) were still within the
fastest quartile (mean half-lives of 56 min and 58 min, re-
spectively) (Fig. 64). Similarly, many biotic and abiotic stress-
related GOs were among those with short half-lives. By contrast,
the 150 GOs with longest median half-life revealed many
encoding enzymes with metabolic and housekeeping functions
(Fig. 64). To see if this was a general trend, we used MapMan to
display half-life for RNAs encoding enzymes in basic metabolic
pathways; while not universal, this analysis revealed a strong
tendency for very long half-lives (Fig. 6B). Chloroplast RNAs
identified in this analysis might have decayed slowly because
cordycepin, our transcription inhibitor, is also likely to disrupt
polyadenylation, which, in plastids, activates RNA decay (44).

S Analysis Suggests Diverse Constraints on Decay Rates. Our decay
modeling included a nuisance factor, 3, to account for the slowing
of RNA decay rates. This was common in our dataset: Only about
14% of transcripts had no slowing of decay rates, decay rates of
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Fig. 5. RNA decay pathway preferences and decay rates partition among functional groups. (4) Analysis of VCS and SOV dependence (log; relative t;,), and levels of
residual decay in vcs sov mutants (t1, WT/ty/, ves sov) by GOs and displayed as heatmaps. All genes in each GO are depicted; empty squares contain crosses (x). (B) RNA
half-life (WT) and log, relative RNA abundance in vcs and vcs sov compared with WT are displayed as heatmaps for the same GOs in A. (C) Scatter plots comparing
mean half-life (WT) with overall GO VCS dependence (Left) and residual decay (Right) for all GOs. (D) Enlargement of box in C with GO labels for GOs with high VCS
dependence. (E) Scatterplots comparing VCS dependence (Left) and vcs sov residual decay (Right) to half-life for all RNAs with decay rate estimates. Red line indicates
a Loess smoothing function. (F) Short mRNA half-life is limited by larger intron numbers. Boxplot of mRNA half-life (WT) for subsets of RNAs with different numbers of
introns. (G) Short mRNA half-life is correlated with increased A and decreased G content in the 5 UTR. Black line indicates a Loess smoothing function. vasculat.,
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Sorenson et al. PNAS | Published online January 31,2018 | E1491



L T

z

1\

=y

tetrapyrole

$e3s30002228°825885%

fermentation

A cytokinin  auxin  ethylene gibberellin salicylic WTt,
stimulus acid
|224 h
o 101 min
[0
2 plme = = mg= H<7 min
8_ jasmonic insect salt stress woundlng mol. of  copper ion
) acid bact. origin
o) — ] !
re?ulatlon cotyledon morphogen. phosphorelay stomatal  cell wall
growth vascular ofa signal opening loosening
tissue  branching transduction
pattern _structure _ system
>
@]
=
© |
S B N .
D cyclin-dep. SCF ubig. rRNA RNA metabolic process
O S/Tkinase ligase modification (e g. transcrlptlon factors)
pe proteasome acyl-CoA
ase core bIOS nthesis L
2 I
g ! o
i}
o |
B ascorbate .
WTt, starch glutathione light
2 11
: 183 h : reactions
46h :
30h .
;112mrinr:nED Calyin
44 min cycle
| . sucrose
<11 min
g o OPP photorespiration
B
5 35 s}
Q .
g 9o @.D carbonic
2 = anhydrases
Q
()
8
=)

£

mitochondrial

TCA

dehﬁe"ases electron transport
e :

decarboxylases aming_transferases
[eeec) ﬁ o

CIOD a0 NO,

NH
8 QPRH o I 3
& vy B B 80;
o EN-TMKmiscam @ a» — o1
& o VLl @@ @ R et
W EE sc.cmse gt
=5 Y 8 g ER
Eﬂ‘&g@g = EYwmise me Bt
isi g H Gim’-"
synthesis amino acids  degradation nucleotides

Fig. 6. High-flux RNAs control many responsive and regulatory processes.
(A) RNA half-lives of each gene in a GO are displayed as a heatmap. Selected
GOs illustrate that RNAs responsive to hormone and environmental stimuli, and
encoding regulatory or signaling function, are short-lived (WT). Highly stable
GOs are shown for comparison. (B) MapMan (57) display of half-life (WT) of
RNAs coding for proteins involved in central metabolic pathways. mol., mole-
cules; bact., bacterial; dep., dependent; ubig., ubiquitin.

E1492 | www.pnas.org/cgi/doi/10.1073/pnas.1712312115

AT3G44260 AT5G22250
a group 12.1 agroup 1.15
CAF1a

a=0.0136 =0.0036

- a= 5=
a=0.085 a=
O 100 200 300 400 500 0 100 200 300 400 500
time (min)
AT1G29400 AT3G62270
agroup 1.10 [, a group 11.1

\, 0=0.0026 B=0.0065

®

o

s a=0.0094 $=0.0065

C

© AT3G43430 AT2G03890

2 a group 12.1 a group 12.1

£1.00 =0.0032 $=0.0011

° =0.00323=0.0033 a=0.01543=0.0116
0.75 a=0.0154 B=0.0092
0.50

L& H 02 a=00159p=00205
KY

-— .
22 0 2<
log, relative B

a=0.0619 B=0.0526

0 100 200 300 400 500 0 100 200 300 400 500
time (min)

Fig. 7. Decay of decay. (A) Modeling of decay included g, which accounted
for the slowing of decay rates across the time course. Heatmap depicting the
effects of genotype on p. RNAs sharing the same g in all genotypes are
white, and those with no g (single exponential models) are gray. (B) RNAs
encoding CAF1a and CAF1b have fast VCS-dependent decay. (C) Represen-
tative decay plots showing strong VCS-dependent decay of decay.

many transcripts slowed uniformly in all genotypes (21%), and
65% showed genotype-specific p (Fig. 74). Slowing of decay rates
could arise for a variety of reasons. One possibility is that tran-
scription was not uniformly inhibited, e.g., if cordycepin failed to
penetrate the interior-most cell types. We evaluated this possibility
by examining p-values for sets of cell type-specific marker genes
(38, 39), and found them to be distributed similarly for different
marker gene sets in WT (Fig. S7), suggesting that f is unlikely to
arise from a cell type-specific phenomenon. Alternatively, RNA
decay rates could slow if the RNA decay machinery itself was
not stable through the time course. We found that AtCAFla and
AtCAF1b, which encode important components of the CCR4—CAF1
deadenylation complex (45-47), had short RNA half-lives (¢;, of
8.2 min and 9.3 min, respectively) (Fig. 7B and Dataset S1), but, in
ves mutants, these RNAs were more stable. The p-analysis also
identified RNAs whose decay slowed substantially, commensurate
with the loss of AfCAFla and AtCAF1b RNAs in the WT, but
only in genotypes where decapping was intact (Fig. 7C). To-
gether, these observations suggest that these RNAs might re-
quire CAFla and/or CAF1b deadenylation to initiate decay.
Thus, a detailed analysis of p-patterns might allow discovery of
additional RNA decay pathway substrates, and reveals the added
value that can arise from using mathematical approaches.

Discussion

In this study, we applied mathematical modeling to genome-wide
mRNA decay analyses that used Arabidopsis mRNA decay mu-
tants, which revealed feedback pathways, and identified spe-
cialized roles for the mRNA decapping complex. An underlying
assumption of our study was that, in mutants with decay defects,
mRNAs would either decay at the same rate as the WT, indicating
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that the affected enzyme was not necessary, or they would decay
more slowly, indicating they were normally substrates of the affected
enzyme. While we did observe both of these outcomes in all
three of our mutant genotypes, we also observed some RNAs
that decayed faster in the mutants, suggesting a strong over-
compensating feedback.

Feedback on RNA decay defects has been investigated in yeast,
where mutants with mRNA decay rate defects led to reduced
transcription rates, and RNA polymerase II defects resulted in
reduced rates of mRNA decay (48). This feedback pathway has
been called RNA buffering, because it maintains RNAs at near-
WT levels, and it appears to work through the XRN1 enzyme,
which is a cytoplasmic 5'-to-3" exoribonuclease that also functions
as a general transcription repressor (17, 40, 49). In our system,
RNA levels in sov mutants appeared to also be buffered; despite
approximately one-third of the transcriptome showing significantly
faster decay rates, all but five RNAs were maintained at near-WT
levels, with adjustments of both RNA decay and, presumably,
transcription rates that maintained RNAs at a near-WT steady
state. However, whether these two systems are mechanistically
similar is less clear. The yeast XRN1 and plant XRN4 are not
orthologs (50), and there is no evidence of nuclear roles for
XRN4, and yet it is tantalizing that both feedback systems require
components of the 5’-to-3’ decay pathway.

Why the loss of SOV evoked these changes is less clear. We
favor the idea that loss of the SOV decay pathway led to in-
creased levels of substrate mRNAs, causing recruitment of
decapping for feedback. Alternatively, because the sov mutant is
the Col-0 accession, it is also possible that this strain has accu-
mulated compensatory mutations that were unlinked to SOV.
We consider this unlikely, as the faster decay rates were not
found in the same Col-0 accession that contained the active SOV
transgene. Further support for SOV being an important RNA
decay pathway in Arabidopsis is its widespread conservation
among the sequenced accessions; only 14 accessions match the
nonfunctional Col-0 sequence at SOV’s amino acid 705 (Arg),
whereas 1,033 accessions match the active L.er sequence (Pro)
(51). Other faster decay rates, e.g., observed in vcs, or in all three
mutants, suggest the possibility of more-widespread feedback. In
our system, we found no evidence that faster mRNA decay rates
arose from elevated siRNAs. Whether this is general, or specific
for genotypes with defects in VCS, and thus indicating a re-
quirement for VCS for siRNA-induced RNA cleavage and de-
cay, is unknown.

RNAs with short half-lives, or high flux, have strong regulatory
potential, as decreases in transcription or decay rates can result in
rapid changes in RNA abundance. Our study allowed us to identify
high-flux RNAs; these largely decayed via the mRNA decapping
pathway, while long-lived RNAs tended to degrade by pathways
that did not include decapping or SOV. VCS-dependent short-lived
RNAs included many genes known to have rapid RNA-level re-
sponses to environmental or developmental signals. This is consis-
tent with short-lived RNAs functioning in circadian control (52),
and with the recent findings of enhanced flux and XRN4-mediated
decay playing roles in Arabidopsis gene expression responses to heat
and cold (53-55). Studies demonstrating phosphorylation of mRNA
decay components in response to osmotic stress, and subsequent
changes in mRNA half-life, suggests that regulation could arise
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from direct modulation of mRNA decapping machinery (18, 19), or
through upstream pathways, such as the LSM proteins (12). An
understanding of how stress perception leads to selective changes in
mRNA decay rates is an important area of future research.

The GOs with highest VCS dependence and shortest mean half-
life include procambium histogenesis, vasculature development,
and regulation of organ growth. These GOs are consistent with the
ves phenotype, which we described as a mutant with cotyledon and
leaf vascular development defects. The eponymous varicose veins
contain ectopic tracheary elements (7), indicating compromised
spatial regulation of vascular development-associated genes, and a
role for VCS-mediated decay in establishing tight boundaries
during development.

Materials and Methods

Plant Growth. The Arabidopsis thaliana genotypes used were Col-0, Col-0
[SOV-®T, vcs-7, and ves-7 [SOV-®T] (7, 8, 23). Seedlings were grown vertically
on growth media [0.216% (wt/vol) Murashige and Skoog salts, 4% (wt/vol)
sucrose, 23 mM Mes, pH 5.8, 0.8% agar] at 22 °Cin a Conviron growth chamber
under ~75 pEinstein-m~s~" constant illumination. Homozygous mutants were
sorted from segregating siblings and placed on fresh growth media before
transcriptional arrest treatment. WT seedlings were similarly handled to stan-
dardize genotype treatment.

Transcriptional Arrest Time Course. Seedlings were preincubated in 3 mL of
incubation buffer (15 mM sucrose, 1 mM Pipes pH 6.25, 1 mM KCl, 1 mM
sodium citrate) with aeration (swirling 100 rpm) in 35 mm x 10 mm Petri
dishes for 15 min (23, 56). Initial (To) samples were frozen immediately, while
the rest were subjected to transcriptional inhibition by addition of 3 mL of
fresh buffer containing 1 mM cordycepin. Vacuum infiltration was per-
formed three times. Tissue was collected 7.5, 15, 30, 60, 120, 240, and
480 min following the first vacuum release, frozen in liquid nitrogen, and
stored at —80 °C until RNA extraction.

Modeling Decay of Decay. For each genotype, RNA abundance [c(t)] as a
function of time after inhibition of transcription (t) was modeled as

c(t) =e717"), where the parameters a and g are the initial decay rate and
the decay of decay rate, respectively. Using an optimization algorithm de-
scribed in Supporting Information, we modeled genotype effects on decay
kinetics of RNAs from each gene by combinatorially constraining equiva-
lence of a and  parameters across genotypes. These constraints yielded
240 different models with a and 5 estimates for each genotype for all genes
(Fig. S2A). We present RNA half-life throughout as a more interpretable
proxy for a, as it is inversely proportional to decay rate, calculated as t;, =
In(2)/a. For details of the modeling implementation and model selection,
see S| Materials and Methods.

RNA extraction, library preparation, and sequencing methods are described
in SI Materials and Methods. For details of RNA sequencing data treatment,
small RNA analysis, and GO analysis, see SI Materials and Methods.
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