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Abstract

Decapping is the first committed step in 5'-to-3” RNA decay, and in the cytoplasm of human cells,
multiple decapping enzymes regulate the stabilities of distinct subsets of cellular transcripts.
However, the complete set of RNAs regulated by any individual decapping enzyme remain
incompletely mapped, and no consensus sequence or property is currently known to
unambiguously predict decapping enzyme substrates. Dcp2 was the first-identified and best-
studied eukaryotic decapping enzyme, but it has been shown to regulate the stability of <400
transcripts in mammalian cells to date. Here, we globally profile changes in stability of the human
transcriptome in Dcp2 knockout cells via TimeLapse-seq. We find that P-body enrichment is the
strongest correlate of Dcp2-dependent decay, and that modification with m8A exhibits an additive
effect with P-body enrichment for Dcp2 targeting. These results are consistent with a model in
which P-bodies represent sites where translationally repressed transcripts are sorted for decay by
soluble cytoplasmic decay complexes through additional molecular marks.
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INTRODUCTION

Regulation of cytoplasmic transcript abundance by RNA degradation is a critical mechanism
of post-transcriptional control of gene expression, and aberrant RNA decay has been linked
to perturbed homeostasis 13, inflammatory responses # 5, and neuronal diseases % 7. In
eukaryotes, bulk cytoplasmic RNA degradation initiates with shortening of the 3" poly(A)
tail, followed by either 5”-to-3” or 3"-to-5" decay 8. In the 5'-to-3" pathway of
exonucleolytic RNA decay, the 7-methylguanosine (m’G) cap is removed by a decapping
enzyme in complex with regulatory proteins (the “decapping complex”), releasing m’GDP
and committing 5" phosphorylated RNA to degradation by the conserved 5’-to-3
exonuclease Xrn1 . Dcp2 (also referred to as hDcp2 in human), a member of the Nudix
hydrolase family, was the first identified decapping enzyme in yeast and was long assumed
to be the major cytoplasmic decapping factor in higher eukaryotes as well 10-14,

Recently, additional mammalian m’G decapping enzymes, Nudt16 1° 16 and Nudt3 17, were
identified, and Dxo/Rail was shown to hydrolyze both unmethylated 18 19 and NAD caps 2°.
The discovery of coexistent decapping pathways provoked the fundamental question of
whether each enzyme decaps specific RNAs. Consistent with this hypothesis, mammalian
Dcp2 2122 Nudt16 1°, and Nudt3 17 have been reported to modulate the half-lives of
unique, partially overlapping, subsets of cellular transcripts. For example, Dcp2 specifically
controls the half-lives of several well-characterized substrates including RRP4122, LNC13
5, and /RF7*. However, global maps of RNA substrates of Dcp2, as well as molecular
determinants that direct RNAs to Dcp2 in human cells, are only partially understood. To
date, only 145 RNA have been identified as Dcp2 substrates in mice, with 216 other
transcripts utilizing Dcp2 and Nudt16 redundantly 16,

Despite specific binding of one 5” untranslated region (UTR) stem-loop structure 7 vitro 23,
human Dcp2 is generally non-sequence-specific, instead recognizing the m’G cap as well as
the backbone of ~12 nucleotides in an RNA binding channel 24, It is likely that

macromolecular interactions and/or localization guide specific transcripts to Dcp2 in human
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cells, such as interactions with proteins that recognize specific RNA sequence motifs 2 or
post-transcriptional modifications such as AB-methyladenosine (m8A) 25-27: alternatively,
Dcp2 substrate specificity could in principle be controlled by dynamic exchange of Dcp2
between the cytosol and ribonucleoprotein (RNP) granules known as processing bodies (P-
bodies) 28: 29, However, none of these mechanisms have yet been shown to fully define Dcp2
substrates. For example, while the Dcp2 decapping complex-associated protein
tristetrapolin, or TTP, can destabilize some RNAs containing AU-rich elements (ARES)
30,31 not all ARE-containing RNAs are Dcp2 substrates °. Similarly, while a general
destabilizing effect of m8A has been revealed 32-34, some m®A marks regulate translation
rather than stability 3 36,

Previous efforts to identify targets of RNA decapping enzymes have been hindered, at least
in part, by limitations to existing experimental approaches. For example, global profiling of
changes in RNA abundance at discrete timepoints after transcriptional arrest in yeast and
mouse cells lacking Dcp2 was used to define Dcp2 substrates 16: 37, but these experiments
were complicated by (1) incomplete penetrance of the gene-trap knockout, and (2) genetic
compensation 16. Furthermore, these studies relied on transcriptional inhibition for
assessment of RNA stability, which perturbs RNA decay rates due to induction of stress
responses 38 39, This suggests that detection of Dcp2 substrates is limited by challenges in
differentiation of changes in RNA synthesis and processing vs. decay in genetic knockouts,
as well as inadvertent alteration of RNA decay rates with transcriptional inhibitors. In this
work, we apply TimeLapse-seq 4° to resolve changes in RNA synthesis (e.g. transcription
and maturation) and stability in human Dcp2 knockout cells. We demonstrate that an RNA
sequence motif and modification are sufficient but not necessary for decay of some Dcp2-
sensitive transcripts. Instead, the portion of the transcriptome stabilized in the absence of
Dcp?2 best correlates with transcripts enriched in P-bodies. This correlation is improved for
transcripts that both localize to P-bodies and bear m®A modifications. Our results are
consistent with a model in which P-body-resident RNAs are licensed for decay by
alternative pathways depending on covalent marks and sequence motifs.

MATERIALS AND METHODS

Cell culture.

Antibodies.

HEK?293T cells were purchased from ATCC, and early-passage stocks were maintained to
ensure cell line provenance and sterility. Knock-out cell lines were generated as described
below. Cells were maintained in DMEM (Corning) supplemented with 10% (vol/vol) FBS
(Sigma-Aldrich) and 100 U/mL penicillin-streptomycin (VWR). Cells were verified to be
mycoplasma-free using the ATCC Universal mycoplasma detection kit.

Primary antibodies used for Western blotting and/or immunofluorescence were as follows:
rabbit polyclonal anti-Dcp2 (Novus Biologicals, NBP1-41070); mouse monoclonal anti-beta
actin (Invitrogen, BA3R); rabbit polyclonal anti-Xrn1 (Bethyl, A300-443A; Sigma,
PLAOQ105); rabbit monoclonal anti-Msi2 (Abcam, ab76148); rabbit monoclonal anti-Dcpla
Alexa Fluor 647 (Abcam, ab209946). Secondary antibodies for western blotting were goat
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anti-rabbit peroxidase conjugate (Rockland, 611-103-122; Merck, AP132P) and goat anti-
mouse peroxidase conjugate (Rockland, 610-1319). The secondary antibody for
immunofluorescence was goat anti-rabbit Alexa Fluor 568 (Life Technologies, A-11011).

Generation of DCP2, MSI2 and XRN1 CRISPR knockout (KO) cells.

DCP2Zknock out (KO) HEK293T cells were generated using previously reported guide
RNAs (GRNAs) 41, and XRNI KO and MS/2 KO HEK293T cells were generated using
validated gRNAs 42 to target the XRN1 genomic region (JRNAs; 5’-
TAAAACGCCTCCCACGCTGC-3" and 5’ -TTAAGAGAAGAAGTTCGATT-3") or MSI2
(JRNAs; 5" -CCATGAGTTAGATTCCAAGA-3” and 5'-
ATCCCACTACGAAACGCTCC-3"), respectively. Double-stranded DNA oligonucleotides
corresponding to the gRNAs were inserted into pSpCas9(BB)-2A-GFP vector (Addgene, as
a gift from F. Zhang, MIT, Cambridge, MA 43). In each case, an equal mixture of the two
gRNA plasmids were transfected into HEK293T cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions, and GFP-positive cells were sorted
with flow cytometry into single clones. Loss of Dcp2 or XRN1 or Msi2 expression was
confirmed by Western blot, genomic DNA PCR and sequencing. In the DCP2 KO cell line
used in this study, the two alleles were disrupted by a 36-nt homozygous deletion at the
catalytic site spanning E147/148. In the XRNI KO cell line, the two alleles were disrupted
with a 7-nt homozygous deletion. In the MS/2KO cell line used in this study, the two alleles
were disrupted with a 44-nt homozygous deletion. For generation of double knockout cell
lines, the same DCP2or MS/2 gRNAs were transfected into XRNI KO cells followed by
FACS as above, with confirmation by Western blotting and genomic DNA PCR/sequencing.

TimelLapse-seq.
Wild type (WT) HEK293T, DCP2and MS/2KO cells were treated in duplicate with 500 uM
s?U for 2 h, and a single replicate control per cell line was not treated with s*U. Total RNA
was isolated from cell pellets using TRIzol reagent, followed by phenol-chloroform
extraction and isopropanol precipitation supplemented with 50 uM DTT. After washing
twice with 75% EtOH, the RNA pellet was dried and resuspended in nuclease-free water and
treated with Turbo DNase to remove genomic DNA. RNA was isolated using RNAClean
beads, and was then treated with TimeLapse chemistry (2,2,2-trifluoroethylamine and
sodium periodate) and purified as described in Schofield et a/., 2018. Purified recoded RNA
was then sequenced using the mammalian pico-input SMARTer stranded Total RNA-seq kit
v2 (Takara Bio). Paired-end 100nt or 150nt RNA sequencing was performed using an
Illumina Hiseg-4000 or Novaseq.

TimeLapse-seq analysis.

TimeLapse-seq read trimming and alignment to mature RNA isoforms were performed as
described previously in Schofield et a/., 2018. Mutation calling was performed as described
previously with the following modifications: for bases with overlapping coverage in a read
pair, only the mutation with higher base quality is used for analysis. Reads were assigned as
new or old based on a per-read 3.6% T-to-C mutation rate. The per-read mutation cutoff was
determined through maximization of sensitivity and specificity for varying mutation rates,
determined using the following equations:
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Sensitivity = [True Positive] / ([True Positive] + [False Negative])

Specificity = [True Negative] / ([True Negative] + [False Positive])

For this determination of a mutation rate cutoff, “new” reads are intronic reads in highly
expressed transcripts with s*U and TimeLapse chemistry treatment, and “old” reads are in
matched transcripts without s*U treatment to reflect the background T-to-C mutation rate.

Old and new read counts per gene were normalized per sample based on total RNA counts
using EdgeR. Log2-fold change analysis was performed using DEseg2 on total, new, and old
RNA counts, with scale factors from total RNA input into new and old RNA analyses.
Change in synthesis and degradation rates for mRNAs were determined using the following
equations:

kdeg = —1og(l = fnew) / t

ksyn = [RNAT" kgeg

where fq is the fraction of new RNA in exonic features and [RNA] is the normalized total
exonic RNA read count per gene.

Cell-based mRNA decay assay by quantitative real-time RT-PCR.

DCP2KO, MSI2KO or WT HEK293T cells were cultured in 6-well plates to 70%
confluency. Cells were harvested on ice at the indicated time points after transcriptional
arrest by actinomycin D (5 pg/mL). Total RNA was isolated with TRIzol (Invitrogen)
following the manufacturer’s instructions, followed by DNase | (NEB) treatment. RNA
levels were quantified from reverse-transcribed cDNA by real-time PCR using iTaq
Universal SYBR Green Supermix (Bio-Rad). RNA amounts remaining at individual time
points relative to time = 0 hour were calculated from Ct values as described previously 4.
Half-lives were derived from linear regression fit of In(relative RNA remaining) as a
function of time using the following equation: ty/» = In(2)/slope 4% 46, Primer sequences are
listed in Table S1.

Cell-based mRNA decay assay after siRNA knockdown of METTL3.

WT or DCP2 KO HEK?293T cells were transfected with METTL3 siRNA (Qiagen,
S104317096) or control siRNA (Qiagen, 1027281) at 30% confluency. After 6 h, each flask
was re-seeded into separate 6-well plates. After 72 h, actinomycin D (5 ug/mL) was added to
stop transcription, and cells were harvested at indicated time points. Total RNA was
extracted with TRIzol and treated with DNase |. Selected m®A-containing mRNAs were
then quantified with gqRT-PCR based on a comparative Ct method 47 using previously
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reported primers 32. Relative RNA levels were normalized to beta actin 32, and half-lives
were derived from linear regression fit.

P-body imaging using confocal microscopy.

HEK?293T cells were grown on fibronectin-coated glass coverslips in a 48-well plate to 70%
confluency. Cells were fixed with 10% neutral buffered formalin (Fisher Scientific),
permeabilized with methanol at =20 °C, and blocked with blocking buffer (3% BSA in
DPBS) for 1 h at room temperature. Cells were stained with rabbit anti-Msi2 at a 1:1000
dilution in blocking buffer overnight at 4 °C, followed by 3x PBS washes. Goat anti-rabbit
Alexa Fluor 568 was applied at a 1:1000 dilution in blocking buffer for 1 to 4 h at room
temperature in dark, with 5 subsequent PBS washes. Anti-Dcpla Alexa Fluor 647 was then
added at 1:1000 dilution and incubated for 1 h, followed by 3 PBS washes. Cells were post-
fixed with 10% buffered formalin, stained with DAPI, and imaged by laser scanning
confocal microscopy (Leica TCS SP8) with PL (field planarity) APO (apochromatic) 63x/
1.40 oil, CS2 and PL APO 100x/1.44 oil, CORR (correction collar) CS (confocal scanning).

Quantitative splinted ligation RT-PCR (qSL-RT-PCR).

The detection of decapped mRNA by qSL-RT-PCR was performed in WT, XRNI KO, and
DCP2/XRN1 or MSIZ/XRN1 double knockout (DKO) HEK293T cells following a
procedure previously developed in yeast lacking XRNZ 44 48, HEK293T WT, XRNI KO,
DCP2/XRN1 DKO or MSI12/XRNI DKO cells were cultured in 6-well plates to 70%
confluency. Actinomycin D (5 pg/mL) was added, and cells were harvested on ice at the
indicated time points. Total RNA was isolated with TRIzol, and 10 pg total RNA was mixed
with 20 pmol of each splint oligonucleotide and 30 pmol of anchor RNA (5’-
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUG-3"). The oligos
were annealed by sequential incubation for 5 min from 70 °C to 60 °C to 42 °C and to 25
°C, followed by the ligation step with 2 uL. T4 DNA ligase (NEB) at 16 °C overnight. 20 U
RNasin Plus (Promega) was included to prevent RNA degradation. 2 pL DNase | (NEB) was
then added to digest genomic DNA for 1 h at 37 °C. The RNA was precipitated with 0.3 M
sodium acetate (pH 5.2) and 2.5 volume of ethanol at —20 °C overnight, washed with 70%
ethanol and resuspended in 30 pL of DEPC-treated water. cDNA was synthesized from 1 g
of the ligated RNA with GoScript kit (Promega) using gene specific reverse primers (Rev-2,
see Table S1). Total MRNA and splinted ligation product were then quantified by real-time
PCR using gene specific Fwd-2/Rev-2 primers and Anchor Fwd/Rev-2 primers, respectively
(Supplementary Table 1). A AACt method was used to determine the relative level of
decapped mRNA as previously described 47, and the amounts of total mMRNA remaining at
each time point relative to time = 0 h were calculated from 2724Ct ysing ACt (t = 0) as the
reference value.

CDF analysis and density volcano plot.

Datasets were filtered for genes enriched or depleted in P-bodies (enrichment > 2.5 or <
-2.5, Hubstenberger et al., 2017), and/or containing m8A or m8Am modifications (Wei et
al., 2018). Cumulative distributions of the change in decay rate between KO and WT were
plotted using R with package ggplot2. For volcano and density plots, transcripts were plotted
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using R with package ggplot2 according to P-body enrichment and significance 49, and those
identified as stabilized by DCP2 KO were colored differentially from remaining transcripts.

Quantification and statistical analysis.

Two-tailed and equal-variance Student’s #test, Mann Whitney U'test, Kruskal-Wallis test
and analysis of variance (ANOVA) with Dunnett’s test were performed using Excel,
GraphPad Prism 7 or R for statistical significance with significance defined as a P
value<0.05. Equal variance between samples was established using an ~test. All data
obtained represent at least three biological replicates unless otherwise stated. Data are
presented as the mean + standard deviation.

Data and software availability.

The accession number for the TimeLapse-seq data reported in this paper is NCBI Gene
Expression Omnibus: GSE143662. All software and parameters are described above, and
custom scripts are available upon request.

RESULTS

Measurement of RNA dynamics in human DCP2 knockout (KO) cells using TimeLapse-seq

TimeLapse-seq utilizes metabolic RNA labeling with 4-thiouridine (s*U) followed by
oxidative nucleophilic aromatic substitution, which recodes s*U to cytidine analogs
identifiable as T-to-C mutations in RNA sequencing 0. Several studies have demonstrated
application of these metabolic RNA labeling-based methods in improved measurement of
RNA turnover in different organisms 3152, Utilizing a 2-hour s*U treatment combined with
TimeLapse-seq, we observe the proportion of mature mRNA that is newly generated over
the metabolic labeling period. The content of T-to-C mutations defines mature transcripts
synthesized during metabolic labeling (high mutation content, referred to herein as “new”
RNA) vs. pre-existing (background/low mutations, referred to herein as “old” RNA) mature
RNA populations. From these observed mutations, rates of transcript synthesis and turnover
can be differentiated in the processed mMRNA population (by considering reads aligning to
exonic features) at steady state, contrasting approaches that utilize intronic reads to estimate
rates of transcription®3. Furthermore, the observed proportion of new and old RNAs allows
us to directly measure transcript half-lives at steady state, and to interrogate the effect of a
genetic knockout on transcript half-lives. Importantly, at the s*U concentrations applied in
TimeLapse-seq, no toxicity has been observed in HEK293T cells, in contrast to
transcriptional inhibition-based methods 38. We therefore applied TimeLapse-seq using
optimized treatment conditions for studying mRNA turnover in wild type (WT) and a DCP2
KO HEK?293T cell line generated using CRISPR-Cas9 technology as previously reported 41
(Figure 1la and Figure S1a). Per-gene total RNA counts correlate well between biological
replicates, and s*U-specific recoding is evident in sequencing tracks (Figure 1b) and in high-
turnover intronic mutation rates (ranging between 6.3-9.2% per T).

In order to evaluate changes in transcript decay rate attributed to DCP2 KO, we estimated
the fraction of new mature RNAs (fhew) aligning to exonic features using a thresholding
approach to separate new and old reads based on T-to-C mutation content. We note that
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“new” reads are defined as reads mapping to those RNAs, including mature, processed
RNAs, that were synthesized during the labeling window and “synthesis” includes both
transcription and post-transcriptional processing of mature transcripts. Sensitivity and
specificity analyses were used to determine an optimal T-to-C mutation rate per read cutoff
(3.6%, see methods) to assign individual reads as new or old, and we found that this simple
binomial approach correlates well with more complex modeling approaches (Figure S2a).
New reads aligning anywhere to the gene correlate well between replicates but only
moderately with intronic reads (Figure S2b), consistent with the long s*U treatment relative
to intronic half-lives, and underscoring the need to assess RNA dynamics on the mature
transcript. Next, we quantified and compared relative stability and synthesis rate changes
using TimeLapse-seq fraction new estimates and read counts, which allows us to distinguish
between stability-driven and synthesis-driven changes in transcripts found to be significantly
upregulated in total RNA in the DCP2KO. To be specific, we assumed first order kinetics at
steady state and modeled the rate of RNA decay (Kgeg) as a function of fraction new reads

In(1 — . .
(—w), and the rate of RNA synthesis (ksyn) as a function of Kgeg (Ntotar*Kdeg)
similar to a prior study 4. To further distinguish between decay- and synthesis-driven
changes, we combined the calculated changes in the rate of degradation and synthesis in

DCP2KO versus WT cells for transcripts that are significantly up- and down-regulated in
DCP2ZKO cells from the DESeq?2 analysis of the total RNA level (Figure 1c).

After computationally modeling the changes in rates of decay and synthesis in the DCP2 KO
cells, we defined classes of dominantly synthesis vs. decay regulated transcripts using an

. . . _— Ak
arbitrary cutoff with subsequent experimental validation (log, | Akdeg | <0and
syn
Ak . . . . .
logy | Akdeg | > 0, respectively) (Figure 1c and Figure S2c). Using this cutoff, 1803 RNAs
syn

were identified as stabilized, 514 RNAs were destabilized, and 700 and 2105 were up- or
down-regulated by changes in synthesis, respectively, in DCPZ2KO versus WT cells. To
verify the transcript class definitions, we selected 34 genes identified as stabilized/
destabilized in the DCP2KO, 5 genes that change neither in synthesis or stability
(“controls™), and 11 genes that exhibit synthesis changes only (Figure S2c), for validation by
quantitative real-time RT-PCR (gRT-PCR) after transcriptional inhibition (Figure 2a and

Figure S3a—e). We chose both genes near and away from the class boundary (i.e.

Ak, .
Ak‘;;j | =00r | Akgeg | = | Akgyy I). 29 out of 33 total tested stabilized genes were

log |

validated as true positives stabilized in the DCP2 KO by gRT-PCR (Figure 2a and Figure
S3a), while all control genes were validated to have no significant difference in RNA
lifetime by qRT-PCR (Figure S3c). A de-stabilized gene, MRPL40, decreased in RNA
lifetime by qRT-PCR in DCP2 KO as expected (Figure S3d). Half of predominantly
synthesis regulated genes exhibited no significant changes in RNA lifetime in the DCP2 KO
by gRT-PCR, also as expected (Figure S3b, e). We interpret changes in synthesis as well as
destabilization in the DCP2 KO relative to wild type cells as evidence of compensatory
responses to the loss of Dcp2 expression.
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Prior reports have defined Dcp2 substrates as RNAs stabilized in the absence of Dcp2
relative to wild type cells 16. In order to validate transcripts stabilized in the DCP2KO cells
as Dcp2 substrates, we confirmed that decay of selected representatives of this class is
inhibited at the decapping step. We utilized a splinted ligation assay (qSL-RT-PCR)
previously developed in yeast 44 48, In this assay, sequence-specific enzymatic ligation of
decapped RNAs, which bear a 5" phosphate group, was mediated by a DNA splint bridging
an anchor RNA oligonucleotide of known sequence and 5 UTR of the target transcript.
Semi-quantitative analysis was then carried out via gRT-PCR using primers recognizing the
splinted ligation product vs. total RNA (decapped + capped) for each target gene with a
AACt method*’. These measurements are made on an X/RN.Z KO background, which allows
the decapped product to accumulate sufficiently for detection °°. Three DCP2 KO-stabilized
transcripts, HOXA13 (Figure 2b), CCNT1and GATAG (Figure S3f), were selected for
analysis. We generated human X~RNZ KO cells using CRISPR-Cas9 technology as
previously reported 43 (Figure S1b). We measured the decapping kinetics of each target after
transcriptional block in WT HEK293T and XRNI KO cells. For all 3 RNAs, decapped
product increased over 2 h in the XRNI KO, but was undetectable in wild type HEK293T as
expected (Figure 2b and Figure S3f, blue versus black trace). We then generated XRN1/
DCP2double knock out (DKO) cells (Figure S1b). In comparison to the XRNI KO, no
decapped product was detectable for any of the three target genes in the DKO cells (Figure
2b and Figure S3f, red trace), consistent with a requirement of Dcp2 activity for their
decapping. Taken together, these data suggest that RNAs stabilized in DCPZKO cells are
cellular decapping substrates of Dcp2.

Comparing our list of 1803 Dcp2 substrates to prior reports 16, we have expanded the
number of known Dcp2 substrates by more than tenfold. 29 previously reported Dcp2
substrates are re-identified in our TimeLapse-seq analysis. We note that overlap with
previously reported datasets is low (20% of reported targets), likely due to (1) different cells
and species utilized for analysis (e.g. mousel® vs. human cells in this study), (2)
insignificant changes at the total RNA level (and hence exclusion by our statistical cutoff) as
a result of altered synthesis of some Dcp? targets, or (3) omission of substrates with half-
lives significantly longer than the chosen time point for the TimeLapse-seq experiment. Our
list is therefore likely incomplete as well as cell type- and/or organism-specific. Despite the
low overlap for specific gene targets, gene ontology (GO) analysis using PANTHER 56
revealed that RNA groups that were previously reported to be regulated by Dcp2, such as
innate immune response 4, were enriched among stabilized genes in our dataset (FDR=4.6
e-3) (Figure S2d), providing additional evidence that we have identified an expanded list of
bona fide Dcp2 substrates.

Human Musashi-2 (Msi2) regulates stability of a subset of human transcripts partially
distinct from Dcp?2 targets

While Dcp2 has previously been shown to be redundant for decapping of RNAs bearing AU-
rich element (ARE) motifs 1°, we sought to determine if another motif, the Musashi binding
element (MBE), could direct transcripts to Dcp2-mediated decapping. Recently, Musashi-2
(Msi2), an RNA-binding protein that regulates cell proliferation >/-%1, was shown to
promote decay of its RNA targets without significantly altering their translational efficiency,
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in contrast to its paralog Msil 57- 61, In 2014, Park et a/. showed that previously reported
Dcp2-regulated mRNAs 22 are also upregulated in Msi2-deficient mouse cells 62, It is,
however, presently unclear whether human Msi2 targets are selectively degraded through the
5’-to-3” decay pathway.

We therefore profiled RNA dynamics in a MS/2 KO HEK293T cell line relative to wild type
cells (Figure S1c and Figure 3a) via TimeLapse-seq. The validity of the statistical cutoff for
significant synthesis and stability changes was confirmed by qRT-PCR (Figure 3b—c). Based
on this analysis, we observed stabilization (1171 transcripts) and, to a much lesser degree,
destabilization (107 transcripts) in the MS/2 KO, consistent with prior reports that Msi2
destabilizes specific RNA targets. Msi2 targets tend to be translationally repressed (Figure
3d). However, only a small number of genes sensitive to Msi2-mediated decay overlapped
with Dcp2 substrates (20%, or 240 total genes stabilized in both the MS/2KO and DCP2
KO), and poor correlation was found between the differences in decay rate in the DCP2 KO
vs WT and that in the MS/2KO vs WT TimeLapse-seq experiment (Figure 3e), consistent
with regulation of largely orthogonal subsets of cellular transcripts by these two proteins.
GO analysis of Msi2 targets revealed enrichment for different functions than those regulated
by Dcp2, as well as genes related to humoral immune response, as previously reported 9
(Figure S4a). However, for a small number of specific genes, co-regulation by Msi2 and
Dcp2 does occur. For example, gSL-RT-PCR of an MBE-containing Dcp?2 substrate,
HOXA13, in a MSI2/XRNIDKO cell line (Figure S1d), revealed inhibition of HOXA13
decapping in the absence of Msi2 (Figure S4b), and Msi2 protein partially colocalizes with
P-bodies in HEK293T cells (Figure S4c). These observations are consistent with interaction
of Msi2 with multiple decay factors, only one of which is Dcp2, for regulation of its bound
RNAs, and indicate that, while a small number of specific transcripts require both Msi2 and
Dcp2 for their decay, most Dcp2 substrates are not Msi2 targets.

The decay of a subset of m8A-modified RNAs is accelerated by Dcp2

m®A is a dynamic internal RNA modification with multiple regulatory functions including
modulation of transcription, translation and RNA stability 25-27. m®A regulates RNA
stability through reader proteins 32 63 which can either stabilize or destabilize RNA. For
example, the m®A reader protein YTHDF2 has been reported to accelerate decay of its
targets partly by recruiting the CCR4-NOT deadenylase complex 4 and localizing to P-
bodies 32, while IGF2BP1-3 increases the stability of m6A-modified targets 2. Both of these
protein classes have been reported to localize to P-bodies, either transiently or stably,
suggesting proximity to Dcp2 324965 though YTHDF2 has also been reported to accelerate
RNA decay through another pathway, RNase P/MRP 66, In contrast to m8A, m6A,,, (A8,2-O-
dimethyladenosine) has been shown to stabilize RNAs 41 67, We therefore sought to
determine whether m®A and m6Am modifications are enriched or de-enriched in Dcp2 target
RNAs, and/or whether these modifications modulate RNA stability through multiple decay
pathways.

Generally, m®A modified transcripts decayed slower in the DCP2KO cells (Figure 4a).
Consistent with this trend, a weak but significant positive correlation between genes
stabilized by silencing of YTHDFZ2 expression with Dcp2 substrates defined in this study
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was also observed, as well as negative correlation of stabilization by Y7HDFZsilencing
with DCP2 KO destabilization (Figure 4b). Conversely, m8A,, modified RNAs were
degraded faster and enriched among transcripts destabilized in the DCP2KO (Figure 4c and
Figure S5a). We noted that two previously reported m6A-containing, Y THDF2-associated
RNAs, LDLRand CREBBP2, were stabilized in the DCP2KO. We therefore tested
whether m®A is required for their recognition by Dcp2 by silencing expression of the m8A
methyltransferase METTL3 in wild type and DCPZ2 KO cells (Figure 4d—e€). Both transcripts
increased in stability in wild type HEK293T cells after METTL3 knockdown, as expected,
but METTL3 silencing conferred no stabilization in DCP2 KO cells relative to a non-
silencing control, indicating that decay of these m®A modified transcripts requires Dcp2 and
vice versa. However, only 21% of m8A-modified transcripts are Dcp2 substrates, and
conversely only 52% of Dcp2 substrates are modified with m6A (Figure S5a). We therefore
conclude that m6A modifications define a subset of Dcp2 substrates, but likely direct RNAs
to decay via multiple pathways; conversely, m6A modification is not necessary, but in a
subset of modified transcripts may be sufficient, to define a Dcp2 substrate.

Dcp2 targets regulatory RNAs enriched in macroscopically observable P-bodies

P-bodies are phase separated liquid droplets composed primarily of ribonucleoprotein
complexes associated with translational repression and 5’-to-3” mRNA decay 68 69, p-body
formation is dependent on RNA and intrinsically disordered regions of Dcp2-associated
proteins such as Dhh1/DDX67% and EDCA47L. Early work showed that, while inhibition of
RNA decapping caused an increase in P-body size and number’2, nucleation of
macroscopically observable P-bodies is unnecessary for RNA decay?®. Recently, reports
from Chao, Singer, Parker and co-workers demonstrated that 5"-to-3” decay does not occur
within P-bodies, but rather on soluble cytoplasmic protein complexes or small,
macroscopically invisible P-bodies?® 73: 74, Macroscopically detectable P-bodies therefore
most likely represent sites of RNA sequestration rather than decay, and their involvement in
5’-t0-3" RNA decay is unclear. We therefore sought to determine whether bona fide Dcp2
targets are enriched in large P-bodies. We queried the transcripts stabilized in the DCP2 KO
cells for sequence properties and/or RNA-protein interactions associated with 5'-to-3” decay
and P-body enrichment via comparison to published datasets. Stabilization by silencing of
DDX6"®, a P-body-associated protein that couples translational repression to 5'-to-3” RNA
decay’®-81, correlated significantly with stabilization in the DCP2 KO (Figure 5a).
Correspondingly, decreased translational efficiency and long 5” and 3" UTRs were
associated with Dcp2 substrates, as expected 82-84 (Figure 5b—d). While transcript length
and coding sequence length correlate positively with Dcp2 substrates (Figure S5b—c), as
expected due to its correlation with translational efficiency 85, they also exhibit more
complex correlations with DCP2 KO destabilized transcripts. Surprisingly, high GC content
did not correlate with Dcp2 substrates, despite its impact on translational repression through
DDX6 > (Figure S5d). We finally observed a significant positive correlation of DCP2 KO-
stabilized RNAs with RNAs stabilized by knockout of the Dcp2- and P-body-associated
exonuclease XRNI 7186 (Figure 5e). Perhaps most importantly, an accounting of transcripts
enriched in macroscopically observable P-bodies partially purified from human cells via
flow cytometry has recently been published 4°. A clear separation of the DCP2KO
stabilized and destabilized transcripts according to P-body enrichment vs. de-enrichment,
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respectively, was observed (Figure 5f). Overall, these trends suggest that Dcp2 substrates
accumulate in macroscopically observable P-bodies due to sensing of their translational
repression by DDX6; their decapping and 5°-to-3” decay by Dcp2 and XRN1 may occur
after release from large P-bodies.

Approximately 70% of Dcp2 substrates are P-body enriched, while only 14% of Dcp2
substrates identified in this study are de-enriched in P-bodies; only 19% of non-Dcp2
substrates are P-body enriched (Figure S5a), all supporting a strong correlation between
Dcp?2 targets and P-body enrichment. However, only approximately 20% of P-body-enriched
transcripts are identified as Dcp?2 targets in this study (Figure S5a), suggesting that a
mechanism may exist to target specific P-body-enriched transcripts to Dcp2. We asked
whether additional RNA marks are required to promote Dcp2-dependent decay of P-body-
enriched transcripts. Indeed, P-body enriched and méA-modified RNAs showed markedly
increased stability in DCP2 KO cells compared to P-body-enrichment alone, while P-body
depleted and m8A,, containing RNAs were significantly destabilized in DCP2 KO relative to
RNAs exhibiting only P-body depletion (Figure 5g). Taken together, these results suggest
that Dcp2-dependent decay is specified by both the localization to macroscopically
observable P-bodies as well as modification by méA.

DISCUSSION

TimeLapse-seq enables identification of RNAs post-transcriptionally regulated by Dcp2

In this work, we adapted TimeLapse-seq to identify RNA synthesis and stability changes in
DCP2KO human cells, interpreting the set of RNAs post-transcriptionally stabilized in the
DCP2 KO as substrates of the human decapping enzyme Dcp2. While overlap with a
previous study identifying Dcp2 substrates in mouse cells is low (~20%) 18, similar trends in
regulation of pathways such as innate immunity are reproduced, and two key experiments
argue that we are effectively identifying the true Dcp2 substrates. First, gRT-PCR validation
confirmed significantly increased lifetimes of putative substrates in DCP2 KO cells; second,
a splinted ligation assay showed that the observed changes were caused by accumulation of
capped intermediates. Overall, we have expanded the list of known Dcp2 substrates in
human cells by ~10-fold.

The global nature of TimeLapse-seq, and the ability to distinguish regulation at the synthesis
or degradation stage, unexpectedly revealed significant indirect effects of the DCP2 KO.
Similar to a previous study in yeast 37, 514 transcripts were destabilized in the DCP2KO
cells - about 30% as many as were stabilized. One explanation could be compensatory
upregulation of alternative RNA decay pathways that destabilize these targets. In support of
this hypothesis, various other proteins related to RNA destabilization are upregulated in the
DCP2KO, including exosome components (Table S2). Furthermore, 49% of the destabilized
RNAs contain m8A,, (Figure S5a), consistent with previous reports on the protective role of
this modification from Dcp2 activity 41 and an indirect effect of the DCP2 KO on their
stability. Combined with the observed changes in synthesis of >2800 transcripts in the DCP2
KO, these results demonstrate significant genetic compensation for loss of DCPZ2 activity,
and suggest that acute inhibition or silencing, rather than constitutive genetic deletion, may
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be necessary to more fully uncouple the effects of DCP2enzymatic activity and substrate
specificity from secondary changes to the transcriptome.

P-body enrichment is the strongest correlate of Dcp2 substrate specificity and has an
additive effect with m®A modification

One key observation from our analysis of the physical basis of Dcp2 specificity is its
correlation with P-body enrichment of corresponding RNAs. Although recent evidence has
demonstrated that RNAs within P-bodies were protected from decapping 2% 7387 70% of
human Dcp2 substrates defined in this study are, in fact, P-body enriched (adjusted P-
value<0.05, logoFold enrichment >0) (Figure S5a), indicating a functional link between P-
body enrichment and Dcp2 activity. However, conversely, Dcp?2 targets account for only a
small fraction of all P-body enriched transcripts (20%), which is consistent with previous
studies showing coexisting, orthogonal pathways regulating P-body localized RNAs’®.
Therefore, P-body localization is necessary, but not sufficient, to direct RNAs to Dcp2-
dependent decapping and decay. Our data indicate that no single explanatory factor —
sequence motif, modification, or P-body localization - fully determines human Dcp2
substrate selectivity. Instead, we showed that P-body localization and m®A modification
exert additive effects on the magnitude of stabilization in the DCP2KO. Dcp2 substrate
selectivity is, therefore, multifactorial.

Our data are consistent with a model for Dcp?2 target selection that involves multiple
regulatory elements (Figure 6). In this model, a translationally repressed mRNA first
undergoes phase separation into macroscopic P-bodies, then is released from the P-body and
sorted to different decay pathways based on additional properties; m8A contributes to Dcp2
targeting, while other marks and motifs may sort RNAs for decay by other pathways. We
note that our data do not permit direct testing of the order of steps proposed in this model,
and that alternative models and explanations for our observed data cannot be excluded -
including the possibility that macroscopic P-bodies form spontaneously via phase separation
of inactive decapping complexes, and RNAs simply escape from P-bodies via mass action
after decay on active, cytoplasmic complexes. In summary, this study defines the Dcp2
targetome in human cells, reveals the complexity of genetic compensation for loss of Dcp?2
activity, and identifies an interplay between P-body localization and post-transcriptional
modification state in RNA decay pathway selectivity.

CONCLUSION

We have used TimeLapse-seq to investigate global RNA stability changes in Dcp2 knockout
vs wild type HEK293T and address the important question of Dcp2 selectivity in human
cells. We extensively analyzed RNA features and found that P-body enrichment is the major
determinants of Dcp2 targeting, and that m8A modifications have additive effects with P-
body enrichment. We posit that translationally repressed RNAs are recruited to P-bodies
before being selected for decay by specialized soluble decay complexes via additional
molecular modalities.
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Figure 1.
TimeLapse-seq identifies and differentiates global changes in RNA stability and

transcription in human cells lacking the cytoplasmic RNA decapping enzyme Dcp2. (a)
Experimental scheme of RNA stability measurement by TimeLapse-seq. (b) TimeLapse-seq
tracks of HOXA13in wild type (WT) (top left) and DCPZknockout (KO) HEK293T cells
(bottom left). Reads with no T-to-C mutations represent old RNA and increasing mutational
content corresponds to newly synthesized RNA containing recoded s*U incorporated over
the 2 h period of metabolic labeling. The bar plot (right) displayed inferred new and old
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reads from corresponding tracks. (c) Determination of post-transcriptionally stabilized
RNASs in DCP2 KO versus WT HEK293T cells. Left, the MA plot indicates significantly
upregulated genes (purple) derived from DESeq?2 gene-level analysis of total RNAs. Decay-
vs. synthesis-driven changes were then separated based on differences in the changes of the
estimated rates of degradation and synthesis in DCP2 KO versus WT HEK?293T cells (right).
Dcp? targets or substrates are defined as RNAs stabilized in DCP2 KO vs. WT.
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Figure 2. Validation of transcript stabilization in DCP2 KO cells.
(@) The stabilities of selected Dcp2 targets were measured using gRT-PCR in DCP2KO

versus WT HEK?293T cells treated with actinomycin D for the indicated times. Half-lives
(95% CI) were obtained from linear regression analysis, and significance was determined
using two-tailed #test of the slope of regression lines. Error bars represent mean + s.d. 7=4
biological replicates for HOXA13, GATA6and CCNT1 and 17=3 biological replicates for all
other genes. (b) Splinted ligation RT-PCR (qSL-RT-PCR) “® in WT, XRNI KO and XRN1/
DCP2 double knockout (DKO) HEK293T cell lines was performed to assay decapping of
selected Dcp2 targets. Significance was analyzed by ANOVA linear regression (total RNA)
or at individual time points (splint ligation). Error bars represent mean + s.d. 7=4 biological
replicates. P-values are denoted by asterisks; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001.
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Figure 3.

Human Msi2 and Dcp2 regulate distinct subsets of transcripts. (a) TimeLapse-seq analysis of
changes in RNA stability and synthesis in MS/2KO cells. (b-c) gPCR validation in MS/2
KO cells after transcriptional arrest of transcripts stabilized by both MS/2and DCPZKO (b),
or exclusively by MS/2KO (c). Error bars represent mean * s.d. /=3 biological replicates.
Half-lives (95% CI) were calculated from linear model, and significance was analyzed by
linear regression #test; *P<0.05; **P < 0.01. (d) Boxplots depicting translation efficiency
(data from Sidrauski et al., 2015) for each of the three classes of mMRNA stability changes in
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MSI2 KO versus WT HEK293T cells. Statistical significance is calculated using Mann-
Whitney Utest; ****P < 0.0001. (e) Msi2 and Dcp2 globally regulate the stability of distinct
subsets of RNAs, as shown by low correlation between the changes in estimated RNA
degradation rate in each KO relative to WT cells (left, Kendall tau rank correlation
coefficient t=-0.02933772) and low overlap of post-transcriptionally stabilized genes in
each KO (right).
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Figure 4.
m®A modifications are present in many Dcp2 targets and required for their decay, but are not

sufficient to define Dcp2 substrates globally. (a) Cumulative distribution function (CDF)
plots of the relative changes in decay rate of transcripts among m8A-containing (data from
Jaffrey and co-workers, 2012) and non-target RNAs in DCPZ2 KO vs. WT. P-values were
calculated using two-sided Mann-Whitney test; ****P < 0.0001. (b) Boxplots depicting
RNA half-life changes after YTHDFZsilencing in HeLa cells (data from Wang et al., 2014)
for each of the three classes of RNA stability changes in DCP2 KO cells. Statistical
significance is derived from Mann-Whitney Utest; ****P < 0.0001. (c) CDF plots of the
relative changes in decay rate of transcripts among m8A,-containing (data from Mauer et
al., 2016) and non-target RNAs in DCP2 KO vs. WT. P-values were calculated using two-
sided Mann-Whitney test; ****P < 0.0001. (d) Silencing of METTL3mRNA expression
determined by gRT-PCR with reference to p-actin in WT or DCP2 KO HEK293T cells
treated with non-targeting siRNA (siControl) or SiMETTL3. (e) Relative RNA decay rates of
two m8A-containing Y THDF2 targets were quantified by qRT-PCR after transcriptional
inhibition in DCP2KO or WT HEK?293T cells transfected with either SIMETTL3 or
siControl. Error bars shown are mean * s.d., 77=4 biological replicates. P-values are
calculated from ANOVA linear regression; ***P < 0.001; ****P < 0.0001.
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Figure5.

Dcp2 targeting of RNAs correlates with P-body enrichment and is enhanced by méA
modification. (a-e) Boxplots quantifying differential expression of RNAs after DDX6
silencing in HEK293T cells relative to control (data from Courel et al., 2019) (a), translation
efficiency (data from Sidrauski et al,, 2015) (b), 5" UTR length (c), 3" UTR length
(reference datasets from Khong et a/., 2017) (d), and RNA enrichment after XRNZ knockout
in HEK293T cells (data from Chang et al., 2019) (e) for each of the three classes of mMRNA
stability changes in DCP2 KO versus WT HEK293T cells. Statistical significance is
calculated using Mann-Whitney Utest. Ns, not significant (p>0.05); ***P<0.001; ****P <
0.0001. (f) P-body-enriched and -depleted RNAs were defined based on data from
Hubstenberger et al., 2017 ((log,(fold change RNA enrichment in sorted P-body/pre-sorted
fraction)>2.5 and <-2.5, respectively). In the density volcano plot of P-body association
status, the red and grey spots represent transcripts stabilized in DCP2KO cells and all other
genes, respectively. (g) CDF plots of the relative changes in decay rate of transcripts among
significantly P-body-enriched (defined as in c), P-body depleted, P-body enriched and m6A-
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containing (m®A data from Jaffrey and co-workers, 2012), P-body depleted and m6A -
containing (m®A,, data from Mauer et a/, 2017), and non-target RNAs in DCP2 KO relative
to WT. P-values were calculated using two-sided Kruskal-Wallis test; ***P<0.001; ****P <
0.0001.
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Model: Dcp2 regulation of P-body-associated RNA stability.
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