
Dynamic and widespread control of poly(A) tail length
during macrophage activation

YEONUI KWAK,1,2 CIARÁN W.P. DALY,1,3,4 ELIZABETH A. FOGARTY,1,4 ANDREW GRIMSON,1

and HOJOONG KWAK1

1Department of Molecular Biology and Genetics, Cornell University, Ithaca, New York 14853, USA
2Graduate Field of Genetics, Genomics, and Development, Cornell University, Ithaca, New York 14853, USA
3Graduate Field of Biochemistry, Molecular, and Cell Biology, Cornell University, Ithaca, New York 14853, USA

ABSTRACT

The poly(A) tail enhances translation and transcript stability, and tail length is under dynamic control during cell state tran-
sitions. Tail regulation plays essential roles in translational timing and fertilization in early development, but poly(A) tail dy-
namics have not been fully explored in post-embryonic systems. Here, we examined the landscape and impact of tail length
control duringmacrophage activation. Upon activation, more than 1500mRNAs, including proinflammatory genes, under-
went distinctive changes in tail lengths. Increases in tail length correlated with mRNA levels regardless of transcriptional
activity, and many mRNAs that underwent tail extension encode proteins necessary for immune function and post-tran-
scriptional regulation. Strikingly, we found that ZFP36, whose protein product destabilizes target transcripts, undergoes
tail extension. Our analyses indicate that many mRNAs undergoing tail lengthening are, in turn, degraded by elevated lev-
els of ZFP36, constituting a post-transcriptional feedback loop that ensures transient regulation of transcripts integral to
macrophage activation. Taken together, this study establishes the complexity, relevance, and widespread nature of poly
(A) tail dynamics, and the resulting post-transcriptional regulation during macrophage activation.
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INTRODUCTION

Polyadenylation refers to the 3′ extension of mRNAs with
adenosines and occurs after nascent transcript cleavage
(Millevoi and Vagner 2010). The newly synthesized poly
(A) tail is up to 250 nt long and serves as a binding site for
poly(A)-binding proteins (PABPs), which control multiple
events throughout the RNA lifecycle, including nuclear ex-
port, translation and mRNA stability (Gallie 1991; Jalkanen
et al. 2014). The length of the tail changes throughout the
mRNA lifecycle, and many of these changes are mediated
by interactions between 3′-UTR regulatory sequences and
RNA binding proteins or microRNAs (miRNAs). 3′-UTR-
trans factors often recruit deadenylases to shorten the tail
but can also recruit cytoplasmic polyadenylases (Braun
et al. 2011; Weill et al. 2012). Deadenylation is associated
with mRNA decay, translational repression and altered lo-
calization, and deadenylation impacts most mRNAs
(Zheng et al. 2008; Eichhorn et al. 2016; Park et al. 2016).

However, exceptions exist: shortened poly(A) tails can be
reelongated in the cytoplasm to stabilize mRNAs and pro-
mote translation. Maternal mRNAs in early embryogenesis
and viral RNAs in host cells undergo poly(A) tail extension,
mediated by 3′-UTR sequence or secondary structures that
recruit noncanonical poly(A) polymerases (Lim et al. 2016;
Kim et al. 2020). While these examples show the signifi-
cance of poly(A) tail regulation (Wu et al. 1998; Wells
et al. 2001; Weill et al. 2012; Lim et al. 2016), the extent
and the importance of cytoplasmic polyadenylation in
somatic cells has been unclear.
Multiple genome-wide poly(A) tail profilingmethods ex-

ist, including PAL-seq (Subtelny et al. 2014), TAIL-seq
(Chang et al. 2014), TED-seq (Woo et al. 2018), and
FLAM-seq (Legnini et al. 2019). Using these techniques,
many studies found a large variation of tail lengths in
steady-state post-embryonic transcriptomes. However, in
contrast to early embryos, there were only weak associa-
tions of tail size to translation efficiency, mRNA stability,
abundance, and PABP binding (Subtelny et al. 2014;
Lima et al. 2017; Rissland et al. 2017). For example, while4These authors contributed equally to this work.
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miRNAs increase deadenylation rates of target mRNAs
(Giraldez et al. 2006; Wu et al. 2006; Eisen et al. 2020a),
tail length changes were only captured by presteady-state
measurements (Eisen et al. 2020a). In steady-state post-
embryonic systems, tail changes were masked as a conse-
quence of the rapid decay of deadenylated intermediates
(Eisen et al. 2020a,b). These studies highlight the complex-
ity of steady-state poly(A) tail lengths in post-embryonic
systems, and suggest that understandingpoly(A) tail length
regulation requires discrete presteady-state measure-
ments across a gene regulatory response. However, most
systematic, genome-wide investigations of transient-state
poly(A) tail length control had been limited to specific
biological contexts, such as oocyte fertilization (Lim et al.
2016). Prefertilization maternal mRNA is stored as an
un-adenylated or partially adenylated form, and thus re-
pressed in translation. Upon fertilization, they are polyade-
nylated in the cytoplasm, and their translation initiates
globally (Lim et al. 2016). The absence of zygotic transcrip-
tion makes oocytes a tractable system to study post-tran-
scriptional regulation, as it becomes possible to examine
changes in poly(A) tail lengths without the confounding in-
fluence of new transcripts. The extent and significance of
poly(A) tail length control upon a developmental cue in
transcriptionally active somatic cells has been difficult to
examine.

Immune responses often require rapid and adaptable
gene regulation, features suited to post-transcriptional
control (Carpenter et al. 2014; Corbett 2018). Exposure of
macrophages to lipopolysaccharides (LPS) induces rapid
expression of inflammatory cytokines, such as tumor necro-
sis factor-α (TNF; Kontoyiannis et al. 1999; Parameswaran
and Patial 2010). Upon LPS stimulation, TNF transcripts
are stabilized and their translation is substantially en-
hanced; this post-transcriptional switch is associated with
TNF tail lengthening (Crawford et al. 1997). Importantly,
cytoplasmic adenylation has been implicated as the mech-
anism of TNF tail length control (Crawford et al. 1997),
suggesting that a transcript-specific cytoplasmic poly(A)
polymerase may engage in the regulation of macrophage
activation. Intriguingly, the LPS-induced acute immune
response is marked by rapid, short-term expression of in-
flammatory cytokines, followed by their rapid inhibition.
This rapid shutdown of proinflammatory genes is critical
for the prevention of chronic inflammation, and post-tran-
scriptional inhibition by the RNA-binding protein ZFP36
is one component of this phenomenon (Mukherjee et al.
2014; Tiedje et al. 2016). ZFP36 guides proinflammatory
mRNAs for degradation and translational repression, by
recruiting deadenylation complexes to the poly(A) tail of
target mRNAs (Sandler et al. 2011; Brooks and Blackshear
2013). These studies suggest that macrophage activation
can be a model system to examine poly(A) tail length dy-
namics in a post-embryonic context. However, TNF has
been the only example of poly(A) tail length control during

the macrophage immune response, and several questions
remain unsolved: are there other transcripts regulated by
poly(A) tail control, and what are the implications and con-
sequences of poly(A) tail length control during the macro-
phage immune response? Finally, and perhaps most
interestingly,what is theextent and the importanceof read-
enylation during macrophage activation?

In this study, we characterize poly(A) tail dynamics across
a time-course using a cell-line model of human macro-
phage activation. We apply a combination of transcrip-
tome-wide methods to profile nascent RNA synthesis
(Kwak et al. 2013), poly(A) tail lengths (Woo et al. 2018),
mRNA levels, and 3′-UTR isoform preferences (Fu et al.
2011). These methods generate accurate profiles of poly
(A) tail length dynamics with 3′ isoform resolution, allowing
a comprehensive understanding of post-transcriptional
regulation inmacrophages during a time-resolved immune
response. We discover widespread and complex patterns
of regulation mediated, in part, by changes in poly(A) tail
length.We find evidence of extensive poly(A) tail lengthen-
ing, which is most pronounced in immune-related genes
and factors involved inpost-transcriptional regulation itself.
Notably, our data suggests that readenylation of ZFP36,
along with other mRNAs bound by ZFP36 protein, is an im-
portant early event during macrophage activation.
Interestingly, these ZFP36-interacting transcripts show
rapid tail shortening later in the response, likely as a conse-
quence of elevated ZFP36. Thus, readenylation first stabi-
lizes a set of genes implicated in macrophage function,
and then results in their inhibition. Taken together, we
show that macrophage activation entails extensive post-
transcriptional regulation involving poly(A) tail length
control.

RESULTS

Determination of isoform-specific poly(A) tail
lengths in THP-1 cells

To studypoly(A) tail length (PAL) control uponmacrophage
activation, we stimulated differentiated human THP-1 cells
with LPS, and followed the resulting acute inflammatory
stage of the immune response over a 4-h time course
(Fig. 1A). Induction of TNF and IL1B confirmed proper acti-
vation (Fig. 1B).Weused tail enddisplacement sequencing
(TED-seq) to measure PAL transcriptome-wide prior to
stimulation (0 h), and at three subsequent time-points
(1, 2, and 4 h) with biological replicates. TED-seq estimates
PAL by an accurate size selection of the sequencing librar-
ies, which include the poly(A) tail region (Fig. 1C, top;
Supplemental Fig. S1A;Woo et al. 2018).We sized libraries
at 300 nt, thus, PAL is derived by subtracting the distance
between the 5′ end of TED-seq reads and the 3′ cleavage
and polyadenylation site (PAS) from 300 nt. The 3′-UTR iso-
form-specific poly(A) tail lengths are intuitively visualized:
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FIGURE 1. Determination of PAL with isoform specificity. (A) Schematic of activation time-course and sequencing strategy. (B) Validation of mac-
rophage activation using qRT-PCR. In each sample, expression values were normalized to GAPDH expression. For each gene, plotted is fold
change of gene expression (post-stimulation/unstimulated). Data is representative of two biological replicates, each performed with four techni-
cal replicates. (C ) Structure of TED-seq libraries (top) and an illustration of PAL visualization by TED-seq on genome browser track (bottom).
(D) Genome browser tracks of TED-seq (5′ terminus of reads) for SPSB1, indicating PAS previously annotated and determined by 3′-seq.
Mean PAL (nt) and CPM values displayed for each 3′-UTR isoform in TED-seq and 3′-seq tracks, respectively. Arrow marks on top of the genome
browser track indicate PAL from reference point for each 3′-UTR isoform. (E) Cumulative distribution (CDF) of spike-in PALs (x-axis). Representative
data from a single library. The results from all time points are shown in Supplemental Figure S1B. (F ) Histogram of PAS counts per gene. (G) PAS
counts grouped by distance to reference PAS (nearest annotated PAS), for 3′-UTR sites and those within 1 kb downstream (n=30,141). (H)
Genome browser tracks of TED-seq and 3′-seq on ANTXR1 3′ UTR. Mean PAL (nt) and read count (CPM) displayed, with TED-seq read distribu-
tions magnified (inset box), and relative position of 3′-seq peaks to reference PAS shown under the PAS track (minus indicates upstream). (I )
Genome browser tracks of TED-seq and 3′-seq on CD83 3′ UTR. De novo PAS isoforms track (PAS) shows the positions of PAS and their distances
from annotated PAS, as inH. Mean PAL (nt) and read count (CPM) displayed as inC. Two biological replicates of TED-seq and 3′-seq libraries were
prepared at each time point. One of two 0 h biological replicates is shown for TED-seq and 3′-seq data as a representative on the genomebrowser
for D, H, and I. See also Supplemental Figure S1.
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for transcripts with longer poly(A) tails, TED-seq reads map
closer to the PAS, whereas those with shorter tails map fur-
ther from the PAS and into the 3′ UTR. The collection of
reads derived from each 3′-UTR isoform generates a clus-
tered distribution of poly(A) tail lengths for that isoform
(Fig. 1C, bottom). For example, SPSB1, an interferon-
stimulated gene expressed preferentially in macrophages,
has two annotated 3′-UTR isoforms. In unstimulated THP-
1 cells, TED-seq reads mapped to SPSB1 indicate
distinct distributions of poly(A) tails for both 3′-UTR iso-
forms, with mean poly(A) tail lengths of 91 and 94 nt, re-
spectively (Fig. 1D). TED-seq accuracy and precision were
validated by four spike-in standards with different poly(A)
tail lengths (40, 80, 120, and 160 nt), displaying sharp
PALdistributions with expectedmedian sizes (Fig. 1E; Sup-
plemental Fig. S1B).

It is recognized that reference PAS annotations in mam-
mals are incomplete, and PASusage is highly cell-type spe-
cific (MacDonald and McMahon 2010; Smibert et al. 2012;
Zhang et al. 2020). Since the accuracy of TED-seq depends
on correct PAS annotation, we experimentally determined
PAS in the differentiated THP-1 cells. We performed 3′-seq
(Fu et al. 2011) in two biological replicates using the same
LPS stimulation time points examined by TED-seq (Fig. 1A;
Supplemental Fig. S1C,D). 3′-seq identifies PAS by initiat-
ing reverse-transcription at the start of the poly(A) tail,
and the resulting read counts correspond to the abun-
dance of the 3′-UTR isoform ending at the given PAS. After
filtering out nonspecific, internally priming-derived reads,
we identified 47,986 PASs, 95% of which (n=44,791) are
located within annotated genes (n=12,336), and only 5%
mapped to intergenic sequences (Supplemental Fig.
S1E). Most (64%) intragenic PASs mapped to annotated
3′ UTRs orwithin 1000 nt downstream (Supplemental Table
S1). The remaining sites (Supplemental Fig. S1E) mapped
to CDS (12%), intron (18%), or 5′-UTR (1%) regions, propor-
tions equivalent to those found in other contexts (Jia et al.
2017). Sixty-threepercent of geneswith at least one site ex-
hibited multiple PASs (Fig. 1F). Thirty three percent of de
novo PASs mapped within 10 nt of annotated PASs (Fig.
1G; Supplemental Fig. S1F), and 67% PASs are discrepant
with annotated sites (33% within 10 to 300 nt, 35% more
than 300 nt away from any annotated site; Fig. 1G). These
fractions indicate the prevalence of novel isoforms, which
are similar to 3′-seq studies in other cell types (Katsanou
et al. 2005; Zhang et al. 2020). For example, ANTXR1
uses de novo PAS at 160 nt upstream of the reference
PAS (Fig. 1H), whereas CD83 exhibited two novel tandem
3′-UTR isoforms instead of the single annotated PAS (Fig.
1I). These results demonstrate the need to establish cell-
type specific PAS usage for studies where comprehensive
3′-UTR isoform annotations are required, such as TED-
seq. Therefore, we used our experimentally determined
PAS sites in THP-1 cells instead of annotated PAS in TED-
seq analysis. We generated a customized annotation of

30,141 3′-UTR isoforms in 10,589 genes (Supplemental Ta-
ble S2), which were used to calculate isoform-specific PAL
profiles. Biological replicates of TED-seq at each timepoint
correlated well (Supplemental Fig. S1G; Pearson correla-
tion coefficient, R=0.99), and we used mean poly(A) tail
lengths from two replicates for subsequent analyses.

We used our 3′-seq data (Supplemental Table S3) to as-
sess whether 3′-UTR usage changed across the activation
time-course (Supplemental Fig. S2A,B). Genes often con-
tain multiple PAS in their 3′-UTR regions, generating alter-
native 3′-UTR isoforms with different 3′-UTR lengths
through alternative polyadenylation (APA; Tian et al.
2007; Mayr and Bartel 2009; Mayr 2016). The degree of
APA isoform usage between any two time points was as-
sessed using the 3′-UTR switch index (USI; Harrow et al.
2012). Shifts toward distal APA (longer 3′ UTR) isoforms re-
sults in positive USI values (USI > 0.1) and proximal APA
(shorter 3′ UTR) isoforms results in negative USI values
(USI <−0.1, Supplemental Fig. S2B). Our data show that
LPS stimulation induces extensive changes in isoform us-
age, for both distal (n=566, FDR<0.1) and proximal (n=
464, FDR<0.1) switches, with a gradual increase in the pro-
portion of proximal switching (Supplemental Figs. S1D,
S2C, left) over the time course. Notably, the functions of
genes that exhibit 3′-UTR isoform switching are enriched
in immune responses, metabolic processes and protein
transport/localization (Supplemental Fig. S2C, right).
Thus, macrophage activation involves extensive changes
in 3′-UTR isoform usage, which are potentially relevant to
physiological changes during macrophage activation.

PAL dynamics during macrophage activation

Global poly(A) tail profiling studies revealed that many hu-
man mRNAs have mean PALs between 50–100 nt, shorter
than thought previously (Chang et al. 2014; Jalkanen
et al. 2014; Subtelny et al. 2014). In addition, modest tail
length changes of 10–20 nt can impact RNA fates and
thus be consequential (Jalkanen et al. 2014; Eisen et al.
2020a). Therefore, we strove to ensure that our PAL calcu-
lations from TED-seq data were accurate and high resolu-
tion. Shifts in APA isoform preferences occurring within
the 300 nt library-sizing window (referred to as local PAS
switch hereafter) complicate determinations of which PAS
the TED-seq reads derive from. To exclude such potential
errors we stringently removed transcript isoforms that
showed LPS-induced local PAS switches within a tandem
PAS cluster (multiple PAS isoforms within 300 nt). This
leaves us with 6269 major isoforms in 5079 genes, which
corresponded to ∼70% of TED-seq reads that can be un-
ambiguously assigned to PASs (Supplemental Fig. S2D,
E). We calculated PALs for these major isoforms and the
changes in PALs between end points, linear time-points,
as well as any two time point comparisons (0 h to 4 h, 0 h
to 1 h, 1 h to 2 h, 2 h to 4 h, 0 h to 2 h, and 1 h to 4 h intervals)
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to comprehensively identify isoforms with tail length
changes, and to resolve transient changes (Supplemental
Table S4). This approachwasnecessary to capture transient
PAL changes (e.g., between 0 h and 2 h). Thus, we generat-

ed an inclusive view of PAL dynamics during macrophage
activation, identifying 1520 transcript isoforms with PAL
changes (length differences ≥10 nt) in at least one interval
comparison (Fig. 2A; Supplemental Fig. S2F, illustrating

A D E

F

B

C

FIGURE 2. PAL dynamics duringmacrophage activation. (A) Scatterplot of PALs between 0 (x-axis) and 1 h post-activation (y-axis), averaged from
two biological replicates. Each point denotes an isoform identified by 3′-seq. Point density color-coded from blue to orange (low to high). Red
points indicate isoforms with significant changes (|ΔPAL|≥ 10 nt and K–S test FDR<0.1 in both replicates). (B) Validation of TED-seq results by PAT
assay for indicated genes. Final PAT-PCR products were analyzed on 6%nondenaturing polyacrylamide-TBE gel, followed by SYBRGold staining.
Deadenylated form (A0 mRNA; asterisk) was generated by treating total RNA with RNase H and Oligo dT. (C ) Genome browser tracks of TNF:
TED-seq profiles andmean PAL (top 4), 3′-seq profiles and percentage of PAS isoform (PPI; next 4), during time-course. Values in square brackets
indicate read count (y-axis) range. De novo PAS isoforms track (PAS) is displayed on the ninth lane. ForD and E, mean poly(A) tail lengths from two
biological replicates were averaged for a given transcript isoform. The averaged PAL at each time point was mean-normalized by subtracting
mean of the averaged PALs across all time points. The resulting mean-normalized PAL values were plotted. (D) Distinct poly(A) tail length chang-
ing patterns during macrophage activation. GO terms enriched (Fisher’s exact test, FDR<0.2) in genes of each PAL-changing pattern listed.
(E) Heatmap of mean-normalized PALs in clusters 4, 5, and 6; labels identify genes and isoform index. (F ) Genome browser tracks of genes
from clusters 4, 5, and 6 (colored in blue in E, x-axis) and IL1B as a negative control with no PAL change. One of two biological replicates is shown
for TED-seq and 3′-seq data as a representative on the genome browser for C and F. Mean PAL displayed per track. See also Supplemental
Figures S2 and S3.
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the 0 h to 1 h comparison and all other comparisons,
respectively). Transcripts from 237 genes exhibited PAL
increases during the time-course, although the majority
(n=1286) of transcripts with significant changes (K–S test,
FDR<0.1) exhibited PAL decreases. Notably, the tail
length changes were independent of initial tail lengths
(Supplemental Fig. S3A). To validate these results, we se-
lected examples of transcripts with PAL increases (CCL4,
CCRL2, and ZFP36) and no PAL changes (HNRNPF and
ACTB), and used a PCRbasedpoly(A) tail (PAT) assay to val-
idate the results (Fig. 2B).

TNF had been proposed to undergo readenylation
upon stimulation in mouse macrophage cells, exhibiting
a PAL increase 1 h post activation (Crawford et al. 1997).
Consistent with previous studies, LPS stimulation caused
a shift in TED-seq reads upon stimulation (0–1 h), indicat-
ing a PAL increase in TNF (Fig. 2C). However, our extend-
ed time-course data revealed that this increase is transient
and followed by a rapid reduction in tail length after
1 h. Moreover, this increase was not due to any local PAS
switching, since 3′-seq shows only one single dominant
3′-seq peak (98% of reads from the major isoform) in
TNF throughout the time course (Fig. 2C; Proportion of a
PAS isoform over all five isoforms [PPI] ≥0.98). TNF inhibi-
tion after a transient activation is known to be integral to
the macrophage response (Carballo et al. 1998). Our
TED-seq data, generated at multiple time-points, revealed
more complex changes in TNF PAL than previously
appreciated.

To characterize temporal PAL dynamics in the tran-
scriptome, we applied k-means clustering to identify coor-
dinated PAL change patterns across genes (Fig. 2D, left;
n = 1520). The majority of genes are in clusters 1 to 3
(C1–C3), each of which showgradual PALdecreases.Other
clusters exhibit PAL increases (C4–C6), revealing diverse
and distinctive temporal patterns (Fig. 2D, left). C4 and
C5 undergo early PAL increases (within 2 h), followed by
rapid or gradual decreases in PAL, respectively. In contrast,
C6 exhibits persistent PAL lengthening later in macro-
phage activation. Notably, C7–C9 show early decreases
in PAL, which is reversed to initial or longer lengths. These
data reveal that PAL regulation during macrophage activa-
tion is more widespread and complex than previously
recognized.

To gain insights into the biological relevance of PAL
changes, we examined gene ontology (GO) enrichments
in each cluster (Fig. 2D, right). Genes in C1–C3, with grad-
ual PAL decreases, are enriched in transmembrane pro-
teins (C1), phagocytosis factors (C2), and oxidoreductases
(C3). These GO terms may reflect reduced requirements
for the correspondingproducts during the inflammatory re-
sponse. More interestingly, genes in C4–C6, characterized
by PAL increases upon activation (Fig. 2D–F), are enriched
with immune-related terms such as cytokines, chemokines,
and chemotaxis (Fig. 2D, right). These enrichments imply a

role of PAL control during the inflammatory process. In par-
ticular, enrichmentof proinflammatorygenes inC4, charac-
terized by early transient increases in PAL, is notable given
that immediate expression of proinflammatory genes is in-
tegral to early macrophage activation (Carpenter et al.
2014; Corbett 2018). Within C4, we also observed enrich-
ment of 3′-UTR binding proteins, including ZFP36 and
ELAVL1, factors known to regulate TNF (Katsanou et al.
2005; Tiedje et al. 2012;Mukherjee et al. 2014; highlighted
in red, Fig. 2E). Moreover, RNA binding proteins (RBPs) are
also enriched in C8 and C9. Thus, mRNAs with extensive
PAL changes during activation encode genes important
to immune function and trans-factors related to the poly
(A) tail itself.

3′′′′′-UTR sequence features associated
with changes in PAL

Poly(A) tail length control is often mediated by interactions
between 3′-UTR cis elements and trans-acting factors.
AREs are well-characterized 3′-UTR cis-elements that me-
diate rapid decay ofmany short-livedmRNAs, in particular,
of cytokine and chemokine transcripts during immune re-
sponses (Caput et al. 1986; Xu et al. 1997). ARE-binding
RBPs such as ZFP36 recognize AREs and destabilize
mRNAs by recruiting deadenylation and decay factors
(Lai et al. 2003; Sanduja et al. 2011). To gain insights into
possible relationships between AREs and PAL changes,
we first examined the association between 3′-UTR A/U
content and LPS-induced PAL changes. We classified tran-
script isoforms into three groups: those with increases in
PAL (ΔPAL≥10 nt), those with decreases (ΔPAL≤−10 nt),
and those with little or no change (|ΔPAL|≤ 5 nt). We
then compared 3′-UTR AU content across the three ΔPAL
groups (Fig. 3A, left). 3′ UTRs of PAL-decreased transcripts
(0 h to 4 h) have lower AU content compared to PAL-un-
changed and -increased transcripts (P<10−8; K–S test).
This association between low AU content and tail shorten-
ing was observed for all time intervals except for the 1 h to
2 h interval (Fig. 3A, right and Supplemental Fig. S3B,C).
We also examined the association between ΔPAL and oth-
er potentially relevant features, such as 3′-UTR length and
codon optimality, which revealed that 3′-UTR AU content
is the most strongly correlated feature with ΔPAL (Fig.
3A, right and Supplemental Fig. S3D). In parallel, we per-
formed 6-mer enrichment analysis to search for sequence
motifs enriched in the 3′ UTRs of PAL-increased transcripts,
which revealed that AU-rich 6-mers are enriched in the 3′

UTRs of PAL-increased genes (Student’s t-test FDR<0.1;
Supplemental Fig. S3E).

There is growing evidence that 3′-UTR cis-elements are
functionally sensitive to their location within the 3′ UTR
(Grimson et al. 2007; Piqué et al. 2008; Geissler and
Grimson 2016; Geissler et al. 2016; Dai et al. 2019).
Therefore, we examined how the association of AU
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content with poly(A) tail length change depends on the
relative location of AU content within the 3′ UTR, which
revealed that AU content is enriched near the 3′ ends of
3′ UTRs of PAL-increased transcripts compared to the
PAL-decreased set (Fig. 3B; Supplemental Fig. S3F).

These results suggested an association between changes
in poly(A) tail length and AREs located toward the 3′ termi-
nus of the 3′ UTR. To test this interpretation, we examined
the association between individual 6-mers (n=4096) and
ΔPAL in the first and the last 500 nt segments of 3′ UTRs,

A

D

E

B

C

FIGURE 3. RNA features contributing to PAL control during the macrophage immune response. (A) Association of different transcript features
with ΔPAL. (Left) CDF of 3′-UTR AU content (x-axis) in transcripts grouped by ΔPAL between 0 and 4 h (down, DN; no change, NC; up, UP).
Indicated P-value denotes two-tailed K–S tests between ΔPAL UP and DN groups. (Right) Heatmap of Pearson correlation coefficients between
transcript features (y-axis), and ΔPAL at indicated time intervals (x-axis). When calculating ΔPAL, average value of mean PALs from two biological
replicates was compared between two different time points (e.g., PAL4 h–PAL0 h). (B) Heatmap of AU content across 3′ UTRs in transcripts with
increased and decreased PAL (left and right panels, respectively). Rows are transcripts ordered by 3′-UTR lengths, and columns (x-axis) are con-
secutive nonoverlapping 50 nt windows of 3′ UTR for a given transcript isoform, aligned to the PAS. Each cell contains AU content calculated in a
given window, where the value is colored from blue to orange (low to high). (C ) Association between 3′-UTR motif location and ΔPAL during ac-
tivation. Number of unique 6-mers associated (Student’s t-test, FDR<0.1) with ΔPAL (y-axis), partitioned by location (first and last 500 nt of 3′ UTR;
x-axis), in six time intervals (subpanels). Six-mers grouped and color-coded by number of A or U bases [n(A|U)]. (D) Distribution of ΔΔPAL of the
unique 6-mers identified in C, with respect to 3′-UTR locations. The comparison of 0 and 4 h is shown as a representative. Top and bottom sub-
panels indicate front and rear 3′-UTR positions, respectively. ΔΔPAL (x-axis) is the difference of ΔPAL (0 to 4 h) values between the highest quartile
isoforms with a given 6-mer and the lowest quartile isoforms with the 6-mer. 6-mers color-coded as in C. (E) Pairs of 6-mers showing stronger
association with ΔPAL (0 h vs. 1 h) in combination than individually (K–S test, FDR<0.1). The 6-mers identified as associated with ΔPAL (0 h
vs. 1 h) in the last 500 nt 3′-UTR windows were tested for their combinatorial effects. The top combinatorial 6-mers are shown as a representative
and the other pairs of 6-mers for other time point comparisons are provided in Supplemental Table S6. See also Supplemental Figure S3.

Poly(A) tail regulation in macrophage activation

www.rnajournal.org 953

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078918.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078918.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078918.121/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078918.121/-/DC1


for 3′ UTRs longer than 1 kb. For each 6-mer, we binned
transcripts into four quartiles by the frequency of each
6-mer in each 500 nt segment, and then compared ΔPAL
values between the top and bottom quartiles (Student’s
t-test, FDR<0.1). AU-rich 6-mers aremore frequently asso-
ciated with PAL changes when located in the last 500 nt
compared to the first 500 nt of the 3′ UTRs (Fig. 3C).
Moreover, for those 6-mers significantly associated with
ΔPAL (Student’s t-test, FDR<0.1; Fig. 3C), we obtained
ΔΔPAL, the difference in mean ΔPAL between the top
and bottom quartiles. Positive ΔΔPALs indicate that the
6-mers promote PAL increases, and those with negative
ΔΔPALs are associated with PAL decreases. The AU-rich
6-mers tend to haveΔΔPAL>0 (Fig. 3D). In addition, we re-
peated the 6-mer analysis using alternative smaller termi-
nal segments of 300 and 100 nt, and obtained consistent
results using 300 nt segments (Supplemental Fig. S4A).
The 100 nt segments showed less clear positional prefer-
ences, suggesting that cis elements that control PAL may
be excluded somewhat from the 3′-most terminal region
of 3′ UTRs. Collectively, these results demonstrate that
3′-UTR AU content is a major feature associated with
LPS-induced PAL changes and this association manifests
near the 3′ end of 3′ UTRs.

3′-UTR regulatory elements often work in combination
to mediate poly(A) tail length control (Piqué et al. 2008;
Dai et al. 2019). Therefore, we examined combinations
of 6-mer elements associated with PAL changes during
macrophage activation. We identified 6-mer pairs that
may be functioning combinatorially by comparing the
ΔPAL of transcripts harboring both 6-mers to transcripts
containing two instances of either of the 6-mers. For every
pair of 6-mers sampled from those identified as individual-
ly associated with ΔPAL in the last 500 nt regions, we as-
sessed whether the ΔPAL of the mRNAs containing both
6-mers (once each) are significantly greater than ΔPALs
of the mRNA containing the two instances of each
6-mers. This strategy controls for the total number of the
tested 6-mers in one mRNA. We found a total of 138 6-
mer pairs that may act in combination to mediate PAL
control upon macrophage activation in any time-point
comparison (Supplemental Tables S5, S6). The 6-mers
were assigned to known RBP motifs based on position
weight matrix scores (Ray et al. 2013). For example,
mRNAs with the 3′ terminal colocalization of specific pairs
of AU-rich motifs tend to undergo greater tail length in-
crease during the early stage of macrophage activation
(between 0 and 1 h, Fig. 3E). The RBPs corresponding to
these 6-mer pairs include many previously established
poly(A)-tail-associated proteins (e.g., ELAVL1, PABPC1,
CREBs, TIA1, and ZFP36), but also some relatively unchar-
acterized proteins (e.g., IGF2B2, HNRNPs, SYNCRIP,
SART3, U2AF2, and RALY). This result indicates the com-
plexity of poly(A) tail length control, and implicates various
proteins with poly(A) tail length control.

Poly(A) tail length correlates
with post-transcriptional changes

In post-embryonic systems, due to the presence of active
and dynamic transcriptional regulation, assessing the rela-
tive role of post-transcriptional events is challenging. In
particular, multiple mechanisms could explain poly(A) tail
length changes in somatic cells upon stimulation. Our ob-
servations of poly(A) tail length increases in 237 transcripts
(Fig. 2A; Supplemental Fig. S2F) could result from rapid ac-
cumulation of new transcripts deriving from an LPS-in-
duced transcriptional burst, increased cotranscriptional
polyadenylation, decreases in deadenylation, and/or cyto-
plasmic readenylation (Supplemental Fig. S4B). These pos-
sible mechanisms may apply differently to different
transcripts or transcript isoforms (Kondrashov et al. 2012).
We first examinedwhether the poly(A) tail length increases
we observed derived from increased synthesis of tran-
scripts, which are expected to have longer tails initially.
Thus, we measured transcriptional activity genome-wide
using a nascent RNA profiling assay, Precision-Run-On se-
quencing (PRO-seq; Kwak et al. 2013). PRO-seq profiles
transcription activity genome-wide by performing a nucle-
ar-run-on reaction with biotin-labeled nucleotides (biotin-
NTPs). Incorporation of biotin-NTPs occurs at the 3′ end
of nascent RNAs, providing a molecular handle with which
to selectively purify nascent RNAs and construct libraries
for sequencing. We performed PRO-seq across the macro-
phage immune response (0, 1, 2, and 4 h upon LPS; two bi-
ological replicates) (Supplemental Fig. S4C; Supplemental
Table S7), and found that transcriptionally up-regulated
genes exhibited increases in poly(A) tail length compared
to those with transcriptional down-regulation (Fig. 4A;
Supplemental Fig. S4D,E). Thus, distinguishing the impact
of de novo transcription from post-transcriptional events is
essential to determine the degree of post-transcriptional
poly(A) tail length control.

To determine the extent of post-transcriptional poly(A)
tail length changes and the influence such changes have
on transcript abundance, we integrated our PRO-seq
data with our mRNA tail and abundance profiling data
(TED-seq and 3′-seq). First, we selected transcript isoforms
with minimal transcriptional changes (PRO-seq, |log2 fold
change (FC)| < 0.5), and from this set of genes, identified
transcript isoforms with |ΔPAL| greater than 10 nt (FDR<
0.01; K–S test) between two time points. We included
only genes with minimal transcriptional changes for all
pairwise time intervals, and still identified transcripts that
exhibited significant shifts in the poly(A) tail length distri-
bution (Fig. 4B; Supplemental Fig. S4F), implying that their
poly(A) tail length changes are post-transcriptional.
Notably, the association between low AU content and
tail shortening was also observed in the set of genes that
exhibited minimal transcriptional changes (Supplemental
Fig. S3C). Taken together, these results suggest that
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transcription alone cannot explain the observed poly(A)
tail length dynamics and post-transcriptional events con-
tribute to tail length regulation.
Poly(A) tail length regulation and its association with

mRNA fate have been observed for several genes in vari-
ous physiological contexts, including neuronal cells (Wells
et al. 2001; Weill et al. 2012). More recently, a transcrip-

tome-wide tail length study showed that PAL changes
(ΔPAL) correlate with changes in transcript abundance
(ΔRNA), stability and translation efficiency during the endo-
plasmic reticulum stress response (Woo et al. 2018).
However, it is unclear whether these relationships apply in
macrophage activation. To characterize the association of
poly(A) tail length changes (ΔPAL) with changes in RNA

A
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B C

FIGURE4. Associationbetweenchanges inPALandmRNAabundance regardless of transcriptional changes. (A) CDFofΔPAL (x-axis) with respect
to transcriptional changes (ΔTXN; PRO-seq, log2 fold change) between 0 and 4 h post-activation. Transcripts are binned into six groups based on
ΔTXN (e.g., (−4,−2] denoting−4<ΔTXN≤−2), and their ΔPAL values are plotted as a group. K–S test P-value compares ΔPAL values from lowest
and highestΔTXNbins. TXNvalues (RPKM)were averaged from twobiological replicates of PRO-seq at each timepoint, and the fold change value
between twodifferent time points was log2-transformed for ΔTXNcalculation. (B) Box plots ofΔPAL for transcript isoformswith PAL changes out of
the genes with minimal transcriptional changes (|ΔTXN|< 0.5 in all pairwise time intervals) for 0 and 4 h comparison. The number of transcripts is
denoted. PAL changes were defined as |ΔPAL|≥ 10 nt and K–S test FDR<0.01. (C ) Analysis of genes with minimal ΔTXN between 0 h through 4 h
(|ΔTXN|< 0.5 in all pairwise time intervals). CDF of ΔPAL (x-axis) among the sets of transcripts grouped based on RNA abundance changes (ΔRNA;
DN, NC, and UP) defined in Supplemental Figure S4F. K–S test P-value between DN and UP groups indicated. 3′-seq read count values were av-
eraged from two biological replicates at each time point, and then the fold change between two different time points was log2-transformed for
ΔRNA calculation. (D) CDF of ΔPAL (x-axis) differentiated among the three ΔRNA groups (ΔRNA; DN, NC, and UP). Transcripts grouped by
ΔRNA proceeds with RSS by ΔTXN levels (between 0 and 4 h post-activation). Inset violin plot shows ΔTXN per ΔRNA group. K–S test P-value
for comparison between DN and UP groups indicated. (E) CDF of ΔRNA/ΔTXN (x-axis; log2 [3′-seq FC/PRO-seq FC]) comparing 0 to 2 h (left)
and 2 to 4 h (right), for genes grouped by ΔPAL between 0 and 2 h post-LPS (DN; ΔPAL<−10, NC; |ΔPAL| < 5, UP; ΔPAL>10). K–S test P-values
betweenΔPALUPandDNgroups indicated. (F )ΔRNA/ΔTXNwith respect toΔPAL in transcriptionally up-regulatedgenes.ΔRNA/ΔTXNbetween0
to 2 h (left) and 2 to 4 h (right), for genes grouped by ΔPAL (between 0 to 2 h as defined in E). Student’s t-test P-values are denoted by asterisk.
(G) ΔRNA/ΔTXN with respect to ΔPAL in transcriptionally down-regulated genes; otherwise as in F. (Significant differences indicated as follows:
[∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<0.001). Number of transcript isoforms or genes for the corresponding bins or groups are in parentheses. (FC)
Fold change, (RSS) random stratified sampling, (DN) down, (NC) no change, (UP) up. See also Supplemental Figures S4 and S5.
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abundance (ΔRNA) independent of transcriptional changes
(ΔTXN), we made robust control sets of genes, only includ-
ing those with minimal ΔTXN. We selected genes with min-
imal ΔTXN (PRO-seq, |log2 FC|<0.5) throughout the time-
course (0 h through 4 h), and split them into three groups
(down, no change, up) based on ΔRNA (3′-seq, log2 FC
[4 h/0 h] threshold=1). We then applied stratified random
sampling to the groups to normalize the ΔTXN distribution;
we split thegenes ineachgroup into10binsbasedonΔTXN
(PRO-seq, log2 FC [4 h/0 h]), and sampled the same number
of genes fromeach ΔTXNbin across the three ΔRNAgroups
(Supplemental Fig. S4G). This analysis revealed a significant
relationship between ΔPAL and ΔRNA after precisely con-
trolling for ΔTXN (Fig. 4C), which holds true for other time
point comparisons (Supplemental Fig. S5A, 0 hand1hcom-
parison shown as a representative). The association was also
tested after grouping genes based on ΔPAL and examining
ΔRNA (Supplemental Fig. S5B). The same relationship was
observed when we examined genes across the entire range
of transcriptional changes after stratified sampling (Fig. 4D;
Supplemental Fig. S5C), and when genes were binned by
ΔPAL and then ΔRNA were assessed (Supplemental Fig.
S5D). Collectively, these results indicate that during macro-
phage activation, post-transcriptional events couple chang-
es in tail length to RNA abundance under conditions of
extensive changes in transcriptional regulation.

To further dissect the post-transcriptional relationships
between poly(A) tail dynamics and RNA abundance, we
used the ΔRNA/ΔTXN metric, which approximates mRNA
stability (Woo et al. 2018; Patel et al. 2020; Blumberg
et al. 2021), and explored the relationship between ΔPAL
andΔRNA/ΔTXN inour time-resolveddata. This analysis re-
vealed that ΔPAL has a strong positive association with
ΔRNA/ΔTXNonlywhenΔPALwas fromthepreceding inter-
val than ΔRNA/ΔTXN (e.g., 0 h vs. 2 h for ΔPAL and 2 h vs. 4
h for ΔRNA/ΔTXN; Fig. 4E, right), but not when both were
from the same interval (e.g., 0 h vs. 2 h for ΔPAL and
ΔRNA/ΔTXN both; Fig. 4E, left). These results suggest
that during macrophage activation, changes in mRNA
stability are coupled to changes in poly(A) tail lengths in a
temporally delayed manner.

Given the evidence that poly(A) tail length might control
RNAabundanceduringmacrophage activation, we investi-
gated if tail control can affect opposite influences of tran-
scription on mRNA dynamics. We selected genes that are
transcriptionally up-regulated (log2 FC ([1 h, 2 h, and 4 h]/
0 h) > 1), and compared how the changes in poly(A) tail
lengths (ΔPAL, 0 h to 2 h) are associated with the ΔRNA/
ΔTXN metric (Fig. 4F; Supplemental Fig. S5E). The tran-
scriptionally up-regulated transcripts did not exhibit
changes in themRNA stabilitymetric between 0 and 2 h re-
gardless of changes in tail length (Fig. 4F, left panel).
However, when we considered changes in the mRNA
stability metric during the 2 to 4 h interval, changes in
stability (ΔRNA/ΔTXN) occurred in the same direction as

the ΔPAL from the earlier time interval (Fig. 4F, right panel).
In particular, mRNA levels at later time-points are reduced
in genes with decreased tail length (0 h to 2 h) despite in-
creases in transcript synthesis (Supplemental Fig. S5E,
see mean (RNA) in PAL:DN). Collectively, these analyses
demonstrate that changes in mRNA abundance coupled
to PAL shortening may override the influence of increased
transcription, and post-transcriptional control is evident
even in genes under active and opposing transcriptional
control. Additionally, we also examined genes that
were transcriptionally repressed during the time-course
(Fig. 4G; Supplemental Fig. S5F). Genes that exhibited re-
ductions in tail length havegreater decreases in RNAstabil-
ity (ΔRNA/ΔTXN) than those with no PAL change, and their
differencemanifested at a later time interval than the same
time interval (Fig. 4G; Supplemental Fig. S5F). Together,
these results indicate that poly(A) length control mediates
significant and widespread impacts on transcript abun-
dance during macrophage activation.

Profiling readenylation during initiation
of the macrophage immune response

TNF is thought to be regulated through cytoplasmic poly-
adenylation in mouse macrophages (Crawford et al. 1997),
although this readenylation hypothesis has not been ex-
amined in humanmacrophages. Moreover, this phenome-
non has not been examined at a transcriptome-wide level
during macrophage activation. The added complexity of
dynamic transcriptional regulation during macrophage ac-
tivation further complicates this question. Therefore, we
repeated our TED-seq profiling after inhibiting transcrip-
tion with actinomycin D (ActD), which was performed prior
to LPS stimulation (Fig. 5). The inhibition of transcription by
ActD was confirmed by a bulk poly(A) tail length assay that
revealed a global shortening of poly(A) tails after ActD
treatment (Supplemental Fig. S6A; Kojima and Green
2015). In addition, for selected genes known to be induced
by LPS stimulation, we verified by qRT PCR that ActD
treatment was sufficient to negate induction (Supplemen-
tal Fig. S6B). Next, we generated TED-seq libraries from
ActD-treated cells, at 0, 1, and 2 h post-LPS activation,
constructing a pair of biological replicate libraries for
each time point. The resulting poly(A) length profiles
were well-correlated between replicates (Supplemental
Fig. S6C). Quantitative analysis of the suppression of
known LPS induced transcripts in the ActD TED-seq repli-
cates also showed at least 95% suppression by ActD.

Upon ActD-treatment, we expect PAL increases only for
mRNAs targeted by cytoplasmic polyadenylation. This
readenylation is necessary and sufficient to explain tran-
scription independent PAL increases without de novo syn-
thesis of longer PAL transcripts. PAL changes were
quantified for the PAS isoforms (n=6876 derived from
5609 genes) that passed a cutoff of 50 TED-seq reads
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across all time points (0, 1, 2 h). Following ActD treatment,
TED-seq identified tail length increases for TNF, with ΔPAL
values of 8.6 nt (10.6 and 6.6 nt, respectively in each of the
replicates) (Fig. 5A). This increase was validated with PAT
assays under ActD treatment (Fig. 5B), in which we includ-
ed in vitro deadenylated controls (Supplemental Fig. S6D).
As an additional control for the PAT assay, we also includ-
ed IL1B, which did not exhibit any change in poly(A) tail
length in TED-seq (Fig. 5B; Supplemental Fig. S6D). In
our normal (no ActD treatment) LPS time-course TED-seq
data, we observed significant overlap of PAL increase
genes between biological replicates using a smaller cutoff
of ΔPAL>5 (P<10−8, Fisher’s exact test), and therefore ap-
plied this threshold to the ActD-LPS data to identify read-

enylation targets with a higher sensitivity. Transcripts that
exhibited ΔPAL>5 across both biological replicates (FDR
<0.2; K–S test) include TNF and 266 potential readenyla-
tion targets (n=61, 166 and 86 for 0 h vs. 1 h, 0 h vs. 2 h,
and 1 h vs. 2 h comparisons, respectively) out of 6876
transcript isoforms considered upon macrophage activa-
tion, corresponding to 255 (of 5609) genes (Supplemental
Fig. S6E; Supplemental Table S8). The majority of the po-
tential readenylation targets have intermediate tail
lengths, and only six transcripts had very short tails (<25
nt) that may be the targets of oligouridylation (Supplemen-
tal Fig. S6F; Chang et al. 2014; Lim et al. 2014). Moreover,
the potential readenylation target transcripts exhibited tail
length increases averaging 14 nt (Supplemental Fig. S6G),

A

D F

E

B

C

FIGURE 5. Widespread readenylation during macrophage activation. (A) Genome browser tracks of TED-seq reads for TNF in the presence or
absence of Actinomycin D (ActD) at different time-points post-activation (y-axis), together with 3′-seq (ActD-untreated) at the same time-points.
Mean PAL is displayed at the corners of TED-seq tracks. 3′-seq peak indicates the position of PAS for the given gene. One of two biological rep-
licates is shown on a genome browser for TED-seq and 3′-seq. (B) PAT assay (tail length, y-axis) for IL1B and TNF, during LPS activation time-
course in the presence of ActD. (∗) denotes nonspecific band. (C ) CDF of ΔRNA (x-axis) compared between readenylated (UP) and control
(CTRL) transcripts. K–S test P-value for the comparison between UP and CTRL is denoted. (D) CDF of ΔRNA/ΔTXN (x-axis) for readenylated
and control transcripts defined as inC (orange and gray lines, respectively). K–S test P-value for the comparison between UPandCTRL is denoted.
(E) Association of RBPmotifs with readenylated transcripts. (Left) Statistical significance (y-axis) of RBPmotifs tested for enrichment within the 3′-ter-
minal 500 nt of 3′ UTRs of readenylated transcripts compared to control transcripts. (Right) Sequence logos of top rankedmotifs. (F ) Gene ontology
terms enriched in transcripts undergoing readenylation (Fisher’s exact test, FDR<0.2). See also Supplemental Figures S6 and S7.
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and there was no relationship apparent between tail in-
crease and starting tail length (Supplemental Fig. S6H,I).

To examine the potential impact of readenylation, we in-
vestigated the association between readenylation and
changes in RNA abundance (ΔRNA, log2 FC) upon LPS
stimulation. Potential readenylation targets (ΔPAL UP,
ActD-treated) exhibited greater ΔRNA (3′-seq, ActD-
untreated), compared to nontarget genes (CTRL) at 0–1
h and 1–2 h, but not at 0–2 h (Fig. 5C; Supplemental Fig.
S7A, right), after stratified random sampling to equalize
transcription change (ΔTXN; PRO seq, log2 FC;
Supplemental Figs. S6J, S7A, left). These results were
also observed using the ΔRNA/ΔTXN metric (log2 trans-
formed [3′-seq FC/PRO-seq FC], Fig. 5D). Additionally,
we confirmed the association between readenylation and
RNA abundance, even when restricting the analysis to
the subset of genes with minimal changes in transcription
(PRO-seq, |log2 FC| < 0.5, Supplemental Fig. S7B).
Collectively, these results implicate readenylation as a pro-
cess responsible for stabilizing transcripts during macro-
phage activation.

To identify regulatory sequences involved in readenyla-
tion, we examined the enrichment of any putative RBPmo-
tifs in the 3′ terminal regions (500 nt) of 3′ UTRs of the
readenylation targets. To identify RBPs that mediate PAL
increases during macrophage activation, we used position
weightmatrices (PWM; n=202) from the Cis-RBP database
(Ray et al. 2013). For each RBP expressed in THP-1 cells
(n =86), we calculated PWM scores in the last 500 nt of
3′ UTRs of PAL increased transcripts, and assessed the
occurrences over background. The top significant motifs
include the sequences bound by RALY, ZFP36,
HNRNPC, CPEB2, ELAVL1, and U2AF2, all of which are
characterized by poly(U) sequences (Fig. 5E). These enrich-
ments were also observed when we repeated the analysis
examining the 3′ terminal 300 and 100 nt of 3′ UTRs
(Supplemental Fig. S7C,D).

Additionally, to understand the role of post-transcrip-
tional poly(A) tail length elongation (post-TXN ΔPAL UP),
we performed gene ontology analysis (Huang et al.
2009) of potential readenylation targets, using genes ex-
pressed at all time points as the background set (Fig. 5F).
These readenylation targets were enriched with RNA bind-
ing terms, including AU-rich element binding, RNA bind-
ing, poly(A) RNA binding, and post-translational
modification (PTM) targets such as phosphoproteins, acet-
ylation, and ubiquitin conjugation (Fisher’s exact test, FDR
<0.1). To a lesser significance (Fisher’s exact test, 0.1≤
FDR<0.2), immune-related terms such as viral process,
NF-κB signaling pathway as well as cellular localization
and intracellular transport were detected (Fig. 5F). These
observations suggest that RBP and PTM target proteins
are prevalently regulated at a post-transcriptional level
through cytoplasmic polyadenylation at the early stage
of macrophage activation, which is expected to exert

broader secondary effects on their downstream targets lat-
er in macrophage activation.

Concomitant readenylation of ZFP36 and its target
mRNAs upon early activation

ZFP36, also known as tristetraprolin (TTP), is an RBP that
regulates mRNAs of proinflammatory genes to attenuate
inflammation during macrophage activation (Brooks and
Blackshear 2013). ZFP36 binding to AREs in target
mRNAs, such as TNF, results in the recruitment and activa-
tion of deadenylase complexes and translational repres-
sion. However, the mechanisms underlying regulation of
ZFP36 activity in early macrophage activation are not well
understood, in particular at the post-transcriptional level.
Intriguingly, in our TED-seq data, ZFP36 itself was identi-
fied as one of the potentially readenylated targets upon
macrophage activation (Fig. 6A).We validated ZFP36 read-
enylationbyperformingPATassay in theActD-treatedcon-
dition (Fig. 6B). Of note, comparing PAT assay results with
and without RNase H (lane 1, 2, and 4) indicates that ZFP36
transcripts exist in very short poly(A) tail forms (near A0).
Next, we tested whether ZFP36 tail length increases are af-
fected by mutating poly(U) sequences in the 3′ UTR of
ZFP36 mRNAs. We constructed reporter genes fused
with human ZFP36 3′-UTR sequences, either wild-type
(WT) or with poly(U) regions disrupted, and expressed in
the THP-1 cells (Fig. 6C). The poly(U)-containing motifs in
the 3′ UTR of ZFP36 mRNA were either deleted (MUT-
DEL) or substituted with G and C nucleotides (MUT-GC).
We used lentiviral transduction to introduce these con-
structs into THP-1 cells, confirming that delivery did not
elicit immune activation (Supplemental Fig. S7E). Next,
we differentiated and stimulated the cells, as described
previously (Fig. 1A). We performed PAT assays on the 4
THP-1 RNAs (endogenous ZFP36mRNAs, and the three re-
porter mRNAs) with and without LPS stimulation using a
primer that can detect both endogenous and transgenic
ZFP36 poly(A) tails and focused on the tail length changes
for short-tailedmRNAs. Tail length increasedonly in theen-
dogenous and WT 3′-UTR reporter mRNAs, but in none of
the mutant 3′-UTR reporter mRNAs upon activation (Fig.
6D; Supplemental Fig. S7F). Notably, the near-completely
deadenylated products (A0, red asterisk band in Fig. 6D)
disappear in both endogenous and WT, but not in MUT
samples. This indicates that even if the PAT assay is detect-
ing both the endogenous and transgenic ZFP36poly(A) tail
populations in the WT sample, the very short poly(A) tail
forms from both populations disappeared and were con-
verted to longer tail forms. The greater degree of the
length increases inWT transgene compared to the endog-
enous sample in the gel quantification analysis also sup-
ports this finding (Fig. 6D, right panel). Taken together,
these results demonstrate that ZFP36 mRNAs undergo
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FIGURE 6. ZFP36 mRNAs are readenylated through poly(U)-containing 3′-UTR elements upon macrophage activation. (A) Genome browser
tracks of TED-seq reads for ZFP36 in the presence or absence of Actinomycin D (ActD) at different time-points post-activation (y-axis), together
with 3′-seq at the same time-points. One of two biological replicates is shown on a genome browser for TED-seq and 3′-seq. (B) PAT assay (tail
length, y-axis) for ZFP36, during LPS activation time-course in the presence or absence of ActD (one of three replicates shown as a representative).
Red asterisk indicates the PCR product for completely deadenylated mRNAs, derived from RNase H treatment in the presence of oligo dT.
(C ) Schematic of GFP reporters with either wild-type (WT) or mutant versions (MUT-DEL, MUT-GC) of human ZFP36 3′ UTR. Three distinct
THP-1 stable cell lines were generated with each expressing one of the GFP-ZFP36 reporters by lentiviral transduction. Known RBP motifs
were searched in the 3′-UTR region. For the motifs containing consecutive Us (≥3 Us) and with at least half of the motif length composed of
Us (annotated in red), the consecutive Us weremodified to have a deletion or GC substitution (annotated in green). The 3′-UTR length is indicated
under each construct name in brackets. The PAT assay forward primer is represented as a red line for each construct with their distances from the
cleavage site in brackets. (D) PAT assay on the human ZFP36 3′-UTR reporter mRNAs of WT, MUT-DEL, and MUT-GC versions expressed in the
differentiated THP-1 cells before and after LPS treatment (1 h). The gel image of PAT assay (left panel) was digitally quantified by image J (right
panel). Red asterisk denotes the PCR product of completely deadenylated mRNA (A0). See also Supplemental Figure S7.
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readenylation mediated by poly(U) readenylation control
sequences in the 3′ UTR during macrophage activation.

Intriguingly, both TNF and ZFP36 were identified to un-
dergo readenylation early upon activation in our data.
These observations suggest that readenylation rapidly in-
duces TNF expression, but this induction is transient, as
ZFP36 readenylation and the resulting induction of
ZFP36 protein results in negative regulation of TNF. In sup-
port of this model, we found that levels of ZFP36 exhibited
a robust increase of both total protein level and dephos-
phorylated isoforms at 1 h upon LPS stimulation compared
to the nontreated condition (Fig. 7A). Dephosphorylated
ZFP36 isoforms are known to act preferentially on their tar-
get mRNAs (Chrestensen et al. 2004; Stoecklin et al. 2004).
Therefore, we examinedwhether this readenylation model
explains early transient expression of a larger set of ZFP36-
targeted mRNAs including TNF.

First, we asked whether there are other ZFP36-targeted
mRNAs in our readenylation candidates. Our RBP binding
motif enrichment analysis revealed enrichment of ZFP36
motifs in the 3′ UTRs of readenylation target mRNAs (Fig.
5E). To confirm this association, we turned to existing
ZFP36 iCLIP data in bone marrow derived macrophage
(BMDM) cells upon 1 h LPS treatment (Tiedje et al. 2016).
Transcripts undergoing rapid (0 to 1 h) PAL increases in
our data are associated with in vivo ZFP36 binding in
BMDM cells, compared to transcripts with no changes in
PAL (K–S test P<0.01, Fig. 7B). In addition, putative
ZFP36 binding motifs (Fisher’s exact test, FDR<0.2, Fig.
7C, left) and in vivo ZFP36 binding sites (K–S test P<10−4,
Fig. 7C, right) are strongly enriched in the set of transcripts
withLPS-inducedPAL increases inournormal (noActDtreat-
ment) LPS time-course TED-seq data, implying that poly(A)
tails of ZFP36 targeted mRNAs are elongated. In addition,
transcripts with increased PAL tend to have higher ZFP36
motif density (Supplemental Fig. S7G). Collectively, these
analyses suggest that ZFP36mRNA itself and ZFP36-target-
ed mRNAs undergo readenylation together at the early
stage of macrophage activation.

Next, we investigated tail length dynamics of the ZFP36-
targeted mRNAs. Our readenylation model predicts that
ZFP36-targeted mRNAs exhibit early and transient tail
lengthening during macrophage activation, due to early
readenylation followedby ZFP36mediateddeadenylation.
Indeed, using the ZFP36 iCLIP data from BMDM cells
(Tiedje et al. 2016), we found that transcripts bound by
ZFP36 were specifically enriched in a set of transcripts un-
dergoing early transient increases in PAL and characterized
by GO terms associated with proinflammation (Cluster 4 in
Fig. 2D, Wilcoxon test P<10−6; Fig. 7D). This finding was
corroborated using ZFP36 bound mRNAs identified using
HITS-CLIP data from activated CD4+ T cells (Wilcoxon
test P<10−14, Supplemental Fig. S7H; Stoecklin et al.
2004; Moore et al. 2018). These observations suggest
that ZFP36 readenylation upon macrophage activation

plays a key role in shaping the transient expression of proin-
flammatory genes in macrophages (Fig. 7E).

DISCUSSION

In this study, we set out to examine the prevalence and
consequences of poly(A) tail regulation in a somatic-cell
context. We selected a model of macrophage activation,
in which we examined transcription, RNA abundance and
poly(A) tail length in unstimulated cells and across a
time-course following LPS stimulation, enabling us to
study tail dynamics in a complex regulatory environment.
Importantly, our approach enabled us to profile the tail
with 3′-UTR isoform resolution. We found extensive regu-
lation of transcript abundance associated with poly(A) tail
control. In response to activation, many transcripts exhibit-
ed tail lengthening, associated with increased transcript
abundance. These transcripts preferentially encoded pro-
teins associated with immune function and trans-acting
factors that function in post-transcriptional regulation.

Poly(A) tail length dynamics upon macrophage
activation

Prior to our work, TNF has been the sole example of a tran-
script known to be regulated by poly(A) tail control during
macrophage activation (Crawford et al. 1997). Our study
revealed that in addition to TNF, more than a thousand
transcripts undergo poly(A) tail length changes during
the macrophage immune response. Many are likely to be
regulated by deadenylation, a well-established mode of
control. However, several hundred transcripts appear to
be readenylated, greatly expanding the scope of such reg-
ulation from TNF alone, and implicating readenylation as a
major mode of control during macrophage activation.

One challenge in studying poly(A) tails in transcriptional-
ly active, non-steady state systems is the difficulty in dis-
criminating tail changes mediated post-transcriptionally
from those derived from nascent transcription upon cellu-
lar activation. Our approach was to use PRO-seq to quan-
tify transcriptional changes, and thus discriminate between
transcriptional and post-transcriptional inputs on tail
length. This approach was accomplished by stratifying
genes by their transcriptional state: first, we examined
genes with stable transcription, and second, we examined
if genes with changes in transcriptional status also exhibit
changes in RNA abundance as a function of poly(A) tail sta-
tus. Thus, by normalizing transcriptional inputs, our inte-
grative analysis demonstrated that transcriptional change
alone does not explain changes in poly(A) tail status.
Most importantly, changes in tail length and RNA abun-
dance are correlated regardless of transcriptional change,
indicating that post-transcriptional regulation is a major
component of overall gene regulatory changes during
macrophage activation.
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FIGURE 7. Concomitant readenylation of ZFP36 and its target mRNAs upon macrophage activation. (A) LPS-induced changes in overall protein
expression and phosphorylation level for ZFP36 protein was measured by western blot, together with staining for Vinculin as a loading control.
One of three replicates is displayed as a representative. (B) CDF of ZFP36 iCLIP binding (x-axis) in the 3′ UTRs of readenylated and control tran-
scripts. The number of transcripts in each group is displayed in the legend. K–S test P-value between UP and CTRL groups is denoted.
(C ) Association of RBP motifs with ΔPAL (0 to 1 h). (Left) Motif enrichment P-values (Fisher’s exact test) in the last 500 nt of 3′ UTRs of transcripts
with increased PAL compared to decreased PAL. (Right) CDF of ZFP36 iCLIP binding (x-axis) in the 3′ UTRs of transcripts grouped by PAL changes
(DN, NC, and UP). Indicated P-value denotes K–S test P-value between ΔPAL UP and DN groups. The number of transcripts in each group is la-
beled in the legend. (D) ZFP36 binding across PAL clusters defined in Figure 2D. CDF of ZFP36 binding (x-axis) in 3′ UTRs of transcripts in different
PAL-clusters. Wilcoxon test P-values between cluster 4 and the rest of clusters indicated. In B–D, ZFP36 iCLIP data from bone marrow derived
macrophage (BMDM) post-activation was used. (E) Model of post-transcriptional feedback loop via ZFP36 mRNA readenylation during macro-
phage activation. See also Supplemental Figure S7.
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This study was designed to examine the impact of
poly(A) tail dynamics during a rapid cellular response in a
differentiated cell, here, macrophage activation; the tem-
poral relationships between changes in transcription, tran-
script abundance and the status of the poly(A) tail revealed
a global preference for tail length changes that preceded
changes in RNA abundance. This observation implies that
post-transcriptional tail changes influence mRNA stability,
and most mRNAs do not decay immediately upon deade-
nylation, but undergo intervening rate-limiting steps. We
further reveal that tail length control can override transcrip-
tional influences on RNA abundance. Formany transcripts,
their abundance is correlated primarily to rapid and tran-
sient changes in tail length. These results support a view
of post-transcriptional control as a major component of
gene regulation, even for genes under extensive transcrip-
tional control, a potentially important phenomenon during
rapid transitions.

Basis for rapid and transient poly(A) tail lengthening

Notably, we report widespread transcription-independent
poly(A) tail lengthening, including for TNF. The simplest
andmost likely explanation is that such transcripts undergo
readenylation. This interpretation relies on our transcrip-
tion inhibition experiments, yet we acknowledge that
such experiments may have limitations deriving from sec-
ondary effects, and from technical limitations inherent to
the complexity of the experiment, that is LPS stimulation
concomitant with transcriptional inhibition. Futurework us-
ing approaches such as RNA metabolic labeling will be
needed to confirm these striking results. Nevertheless,
the rapid and transient nature of macrophage activation
and the timing of poly(A) tail changes allow us to reason
that they are not the secondary effects of transcription in-
hibition. Moreover, the common 3′-UTR features in these
target transcripts suggest that the rapid and transient tran-
script readenylation has a post-transcriptional mechanistic
basis. This observation is particularly meaningful because
the extent of post-transcriptional readenylation has been
less understood in somatic cells, and our transcription-in-
dependent experiments addressed a major challenge in
the field by distinguishing polyadenylation from reduced
deadenylation of de novo transcripts.

Interestingly, transcripts encoding RNAbinding proteins
(RBPs) often exhibited changes in poly(A) tail length; in-
deed, many encode proteins involved in post-transcrip-
tional regulation by 3′-UTR cis elements. Thus, a
regulatory network linked through post-transcriptional
control may play a significant role in macrophage activa-
tion. We identified factors associated with changes in the
poly(A) tail using 3′-UTR RBP binding inferences and
CLIP-seq, converging to AU and U rich sequences, and
their corresponding trans-factors. We elucidated wide-
spread readenylation during macrophage activation in

ZFP36 bound transcripts. We also found pronounced en-
richment of poly(U)-containing RBP motifs in the 3′ UTRs
of readenylatedmRNAs,whichwe tested inGFP-3′-UTR re-
porter assays. In yeast, 3′-UTRpoly(U) sequences are known
to protectmRNAs fromdeadenylation (Muhlrad and Parker
2005), which is functionally relevant to our findings in hu-
man cells. In humans, CPEB1 mediates cytoplasmic poly-
adenylation by binding to poly(U)-containing cis
elements called cytoplasmic polyadenylation elements
(CPE) during oocyte maturation (Hake and Richter 1994),
and host-viral mRNA readenylation in cytomegalovirus in-
fection (Batra et al. 2016). However, CPEB1 is not ex-
pressed in THP-1 cells. Thus, other noncanonical factors
likely engage in readenylation during macrophage activa-
tion. Notably, ELAVL1 is expressed in THP-1 cells, and its
bindingmotif is among themost enrichedelements in tran-
scripts undergoing tail lengthening. ELAVL1 stabilizes
mRNAs, but whether this is mediated through readenyla-
tion is unknown (Charlesworth et al. 2013). Further efforts
will be needed to test this and the relative contribution of
ZFP36 and ELAVL1 or other factors to poly(A) tail dynamics
during macrophage activation.

The identity of the polymerase responsible for readenyl-
ation during macrophage activation is an important ques-
tion arising herein. In humans, multiple noncanonical poly
(A) polymerases (TENT1-TENT6) exist (Warkocki et al.
2018; Liudkovska and Dziembowski 2021), all relatively
uncharacterized but for TENT2, a well-known poly(A) poly-
merase responsible for maternal mRNA polyadenylation.
Based on our RNA-seq data, only TENT2, TENT4A/B,
and TENT5A transcripts are expressed in THP-1 cells. As
TENT4 recruitment is mediated by 3′-UTR structure rather
than U-rich elements (Kuchta et al. 2016; Warkocki et al.
2018), we propose TENT5A as a candidate responsible
for readenylation, recruited by a probable interaction
with ELAVL1 (bioGRID interactome; Stark et al. 2006).
ELAVL1-mediated recruitment of TENT5A during macro-
phage activation is a testable model to explain the
widespread changes in post-transcriptional poly(A) tail
lengthening and ensuing consequences on transcript
abundance. Future studies elucidating these complex
mechanistic models that underlie the widespread poly(A)
tail control would be essential to understand the role of
post-transcriptional regulation in macrophage activation.

MATERIALS AND METHODS

Cell lines, cell culture, and compound treatment

THP-1 cells used in this study are an authenticated cell line pur-
chased from ATCC (TIB-202; human male). THP-1 cells were cul-
tured at 37°C in 5% CO2 in RPMI1640 (Gibco, 11875093)
supplemented with 10% FBS (VWR) and 1% antibiotics (Gibco,
15240062). THP-1 cells were differentiated to macrophage-like
cells by incubating them overnight in complete media containing

Kwak et al.

962 RNA (2022) Vol. 28, No. 7



200 ng/mL PMA (Sigma-Aldrich, P1585-1MG), followed by 3 d in-
cubation in fresh media without PMA. The resulting differentiated
cells were stimulated with 200 ng/mL LPS (Sigma-Aldrich, L4391)
and collected at four time points: 0 h post-stimulation (no stimu-
lation), and 1, 2, and 4 h post-stimulation. Total RNA was extract-
ed with TRIzol (Invitrogen, 15596018). To inhibit transcription,
THP-1 cells were incubated in media with 10 µg/mL actinomycin
D (Sigma Aldrich, A9415) for 15 min prior to stimulation with LPS.

3′′′′′-sequencing library preparation

Total RNA was extracted using TRIzol from differentiated THP-1
cells throughout the LPS stimulation time-course (0, 1, 2, and 4
h). For each sample, poly(A) RNA was isolated from 10 µg of total
RNA (Dynabeads mRNA Purification Kit; Invitrogen, 61006) fol-
lowedby RNA fragmentation with 0.1NNaOH, 5′ RNAphosphor-
ylation (NEB, M0201S), and 5′ RNA ligation (NEB, M0204L) to
VRA5 (5′-CCUUGGCACCCGAGAAUUCCA-3′). After heat dena-
turation at 65°C for 2 min, 5′ adapter-ligated poly(A)-containing
RNA fragments were reverse transcribed by superscript II enzyme
(Invitrogen,18064-014) using RT primer (CPS_RTP: 5′-GTTCAGA
GTTCTACAGTCCGACGATCNNNNNNNNT8VN-3′) at 50°C for
1 h. The 3′-terminal ten nucleotides of CPS_RTP were designed
to anneal to the junction between the poly(A) tail and the site of
cleavage and polyadenylation within the transcript, and also con-
tain an eight-nucleotide (nt) unique molecular index (UMI) bar-
code for PCR deduplication, with the remaining sequence
designed for PCR amplification (NEB, M0530L). The resulting
cDNA molecules were amplified by PCR for 14 cycles with RP-1
primer (See Supplemental Table S9) and RPI-X primers (See
Supplemental Table S9) using Phusion High-Fidelity DNA
Polymerase (NEB, M0530), followed by gel purification of 200
to 500 bp products on a 6%PAGEgel in TBE buffer. PCR products
were eluted from the excised gel in TE-TW buffer overnight at
37°C, and then filtered through a DNase-free spin X column
(Costar Spin-X centrifuge tube filters; Corning, CLS8160) and puri-
fied using Ampure XP beads (Beckman Coulter, A63881). The puri-
fied, barcoded libraries were quantified and pooledprior to Illumina
sequencing on a Next500 platform (75 bp single-end reads). Unless
otherwise stated, enzymatic reactions were performed as described
in the manufacturer’s protocols. The 3′-sequencing libraries were
prepared in two independent biological replicates.

3′′′′′-seq data preprocessing and mapping

5′ RNA adaptor sequence was removed from the 3′ end of se-
quencing reads using Cutadapt (Martin 2011) with option -e
0.10, –overlap 2, –minimum-length=10, –nextseq-trim 20. After
adaptor removal, low quality reads were removed (those with
quality scores <20, at any position). The first 30 nt, containing
the 8 nt UMI, were used to deduplicate the reads (FASTX-
Toolkit v0.0.11, http://hannonlab.cshl.edu/fastx_toolkit/, 2018;
PRINSEQ v0.20.4 [Schmieder and Edwards 2011]; Seqtk v1.3-
r106, https://github.com/lh3/seqtk, 2012). After trimming 16 nt
(8 nt UMI and 8 nt corresponding to the dT8 portion of
the adapter oligonucleotide) from the 5′ end of each read,
reads with at least 10 nt remaining were mapped to the
human genome (hg38; UCSC), using STAR aligner (Dobin et al.
2013) with the option –sjdbGTFfile “gencode.v26.annotation.

gtf” –alignSJDBoverhangmin 3, –outFilterMultimapNmax 1.
The aligned reads were represented by their 5′ end mapping co-
ordinate on the opposite strand, and converted to BedGraph for-
mat, where the mapping position and the corresponding read
counts of a 3′-seq peak were used to determine the cleavage
and polyadenylation site and mRNA abundance of a transcript
isoform.

Determination of cleavage and polyadenylation
sites (PAS)

To avoid potential contamination of 3′-seq reads by the annealing
of oligo-dTprimers to internal A-rich sequences, we filtered the 3′-
seq reads to remove internally primed reads from A-rich internal
regions, as previously described (Fu et al. 2011; Li et al. 2012).
Briefly, we searched for consecutive A sequences (>5 consecutive
A nt) downstream from3′-seq peaks, filtering out these reads from
our 3′-seq reads. Then the 3′-seq read counts were normalized by
counts per million mapped reads (CPM). The 3′-seq peaks were
collapsed across all samples (0, 1, 2, and 4 h) with the read count
per position totaled. Next, each 3′-seq peak position was convert-
ed to a 10 nt-widewindow, and the overlappingwindows of 3′-seq
peaks within the window merged, totaling the merged 3′-seq
peaks, retaining the midpoint of the merged window as the PAS
coordinate. Merged windows with five or more normalized reads
(final PAS window) were retained. For each 3′-seq time point
data, the read counts of the 3′-seq peaks mapped in a final PAS
window were summed to represent mRNA abundance of the
PAS isoform expressed in the given sample. All final PAS located
in the reference (GENCODE V26)-annotated 3′ UTR(s) + 1 kb
downstream region, were considered as distinct 3′-UTR isoforms
expressed inTHP-1 cells. Finally, a custom transcript isoformanno-
tation (bed12) file was built by modifying the reference transcript
isoforms to terminate at our experimentally determined 3′-seq
PAS sites. Poly(A) tail lengths were estimated for this comprehen-
sive set of experimentally determined PAS isoforms. Additional
PAS analysis was performed as follows. The identified PAS sites
(n=47,986) were tested for their locations (within gene or inter-
genic) within annotated genes (n=12,336) using bedtools inter-
sect function. Similarly, we then tested the positions of the PAS
sites (n=44,791) located within genes against the genomic coor-
dinates of annotated 3′ UTRs or within 1000 nt downstream from
the 3′ terminus (n=10,589), CDS, intron, or 5′ UTR. Multiple PAS
were defined based on the genes with at least one mapped PAS
site (n=12,336), containing multiple PAS sites (n=7760), or a sin-
gle site (n=4576). Discrepant PAS were defined by the distance
between the mapped PAS and the annotated PAS, and binned
by the following distance: 10 to 300 nt (33%) or greater than 300
nt (35%). Based on this classification, we generated a customized
reference transcript annotation file representing 30,141 3′-UTR
isoforms from 10,589 genes for downstream usage (Fig. 1;
Supplemental Fig. S1).

TED-seq library preparation

Tail end displacement sequencing (TED-seq) was applied to total
RNA samples (5–10 µg) collected at multiple time points (0, 1, 2,
and 4 h) after LPS treatment. TRIzol-purified RNA was subjected
to poly(A) RNA purification using the manufacturer’s protocol
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(Dynabeads mRNA Purification Kit, Invitrogen), and ligated with
the adaptormolecule (RA3; Supplemental Table S9) to their 3′ ter-
minus. The products of the ligation reaction were purified using
TRIzol, and then fragmented with 0.1 N NaOH. Fragmented
RNAs were purified with a P-30 column (Bio-Rad, 732-6251),
and poly(A)-containing fragments enriched using Dynabeads
mRNA Purification Kit. T4 polynucleotide kinase (PNK; NEB,
M0201S) was used to phosphorylate the 5′ terminus of RNA frag-
ments, enabling ligation of the 5′ terminus to the adaptor oligo-
nucleotide containing UMIs (RA5; Supplemental Table S9). The
resulting RNA libraries were reverse transcribed and PCR
amplified using KAPA HiFi HotStart ReadyMix PCR Kit (Kapa
Biosystems, KR0370), using no more than eight cycles of amplifi-
cation. Prior to sequencing, 350–360 bpDNAmolecules were pu-
rified using PAGE. Following PCR amplification, PAGE-mediated
size selection was repeated on the amplified DNA. The resulting
size-selected libraries were pooled and sequenced on an Illumina
NextSeq500 (75 bp single-end reads). The TED-seq libraries were
prepared in two independent biological replicates.

Synthesis of spike-in poly(A) standards

Poly(A) spike-in RNAs of 40, 80, 120, and 160 nt were generated
by in vitro transcription of a PCR amplified double-stranded
DNA template composed of a T7 promoter sequence, unique se-
quences for alignment from plasmid vector backbones (pmRFP-
C1 [Addgene, 54764] for A40; pEGFP-C1 [Clontech] at EGFP
ORF for A80; pEGFP-C1 at NeoR/KanR ORF for A120; pGL4.23
[Promega, E8411] for A160), and poly(A) repeats of desired
lengths (Supplemental Table S9). To generate four distinct 700-
bpbackbone sequences, different coding sequenceswere target-
ed and PCR-amplified with the set of gene-specific primers
(Supplemental Table S9) using Phusion High-Fidelity DNA
Polymerase (25 cycles of 10 sec at 98°C, 30 sec at 60°C, and 30
sec at 72°C, followed by 5 min extension at 72°C in a final volume
100µL; 70µLH2O, 20µL 5×buffer,∼2.5 ng templateplasmid, 300
nM forward and reverse primers, 250 µM dNTP and 1 µL Phusion
polymerse). After PAGE purification, oligo(Dt) tails of distinct sizes
were added to the 3′ end of the corresponding backbone tem-
plate, and amplified with the specific primers (Supplemental
Table S9) using Phusion Polymerase (two PCR cycles of 10 sec at
98°C and 50 sec at 68°C, followed by 5 min extension at 72°C).
After PAGE purification, the resulting four distinct 700 bp tem-
plates with different coding sequences and tail sizes were in vitro
transcribed using MAXIscript T7 Transcription Kit (Invitrogen,
AM1314). The RNA products were purified by denaturing poly-
acrylamide electrophoresis (Urea; Thermo Scientific, U15-500)
and quantified using a nanodrop. The spike-in RNAs were added
to purified mRNAs from samples used for TED-seq library gener-
ation (1 ng of each spike-in RNA species per 100 ng of poly[A]-se-
lected RNA). The entire sequences of individual spike-in poly(A)
standards are provided in Supplemental Table S9.

TED-seq data preprocessing and mapping

For sequencing reads ending with >10 A residues, consecutive (A)
sequences were trimmed from the 3′ end (PRINSEQ v0.20.4; 33).
After poly(A) tail trimming, reads with a length≥15 nt and mean
quality score>20were retained for further analysis. PCR duplicates

were removed using the first 15 nt of the trimmed reads, which in-
cludes an 8 nt UMI (FASTX-Toolkit v0.0.11, PRINSEQ v0.20.4,
Seqtk v1.3-r106). Nucleotides corresponding to the UMI were
then trimmed from the 5′ end of the deduplicated reads, followed
by the exclusion of trimmed reads shorter than 15 nt. The resulting
reads were mapped to the human genome (hg38) using STAR
(2.4.2a; 26) with the option –sjdbGTFfile “gencode.v26.annota-
tion.gtf” –alignSJDBoverhangmin 3, –outFilterMultimapNmax
1. BWA (Li and Durbin 2009) was used to align the reads corre-
sponding to the poly(A) spike-in standards. The relationship
between themappedTED-seq reads, the cleavage andpolyadenyl-
ation site, and the library insert size enables the 5′ terminus map-
ping coordinate of the aligned TED-seq reads to shift the 3′ tail
ends upstream into the 3′ UTR by the insert size of the library
(300 nt): for transcripts with longer poly(A) tails, TED-seq reads
map closer to thePAS,whereas thosewith shorter tailsmap further
from the PAS and into the 3′ UTR. Accordingly, 3′-UTR isoform-
specific poly(A) tail length distribution is reproduced immediately
upstream of the corresponding PAS by 5′ termini of the mapped
TED-seq reads, and visualized on a genome browser track with
the IGV genome browser (Robinson et al. 2011) (Fig. 1;
Supplemental Fig. S1).

Poly(A) tail length estimation and identifying
significant changes in poly(A) tail length

From the library insert size (I) and the distance from 5′ termini of
TED-seq reads to PAS (D), poly(A) tail length (L) is derived as L=
I –D. GENCODE V26 annotation (Harrow et al. 2012; Frankish
et al. 2019) of the human transcriptome (bed12 format) was
amended to reflect experimentally determined THP-1 cleavage
and polyadenylation sites (PAS) identified using 3′-seq. Finally,
a frequency table of TED-seq read 5′ termini located within the
3′ terminal 500 nt of 3′ exons within the custom transcriptome an-
notation was constructed. Transcript isoforms with ≥50 mapped
reads in the terminal 500 nt region were used to calculate the
mean value of poly(A) lengths and to represent the distribution
of poly(A) tail reads for that region. Due to the dependency of re-
liable poly(A) tail length calculations on precise PAS annotations,
any shifts in APA isoform preferences occurring within the 300 nt
window (referred to as local PAS switch hereafter), limit the ability
of TED-seq to determine poly(A) tail length changes. To avoid any
errors in poly(A) tail inferences caused by a shift in APA usage, we
removed PAS isoforms subject to potential bias from APA by pro-
cessing our 3′-seq data as follows. First, we defined tandem PAS
clusters of size =300 nt by clustering experimentally determined
PAS isoforms within≤300 nt (9658 PAS in 5128 genes clustered to
6745 tandem clusters) and testing whether APA usage in a cluster
was significantly altered upon LPS stimulation for all isoforms.
Switching in the tandem poly(A) sites in a tandem PAS cluster
was determined based on previously described approaches (Fu
et al. 2011; Jia et al. 2017). The PPI (proportion of an individual
PAS isoform in each tandem cluster) index was calculated for
each time point across the activation time course. If the PPI within
each cluster significantly differs between any pair of time points of
the macrophage LPS activation time-course (χ2 test with FDR<
0.1), we considered those as locally shifted (124 tandem clusters,
410 PAS), and removed these isoforms from further analysis. We
only considered PAS clusters with consistent APA isoform usage
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across the time-course for further analysis. Additionally, poly-
choric correlation coefficients, a version of Pearson correlation co-
efficient with discrete UTR indices, were calculated to estimate
the switching direction, and defined as USI, UTR switching index
(described as TSI; Harrow et al. 2012). A positive USI value (USI >
0.1) indicated a switch to the longer tandem 3′ UTRs (distal), while
a shift to short tandem 3′ UTR (proximal) has a negative USI value
(USI <−0.1). Next, if a PAS cluster contained multiple PAS, the
PAS with the most read counts was defined as the major PAS iso-
form, whereas PAS isoforms with fewer read counts were consid-
ered as minor PAS isoforms (n=2979). To avoid redundant use of
a collection of TED-seq reads for the PAS in the same cluster, mi-
nor PAS isoforms were removed from the tail length analysis, leav-
ing 6269 isoforms (5079 genes). For this set of transcript isoforms,
differences in poly(A) tail length for a given transcript isoform be-
tween two biological conditions were compared using the
Kolmogorov–Smirnov test and the P-value adjusted by FDR with
the criteria of FDR<0.1, and |ΔPAL| (difference in mean poly[A]
tail length)≥ 10 nt (Fig. 2; Supplemental Fig. S2D–F).

Identification of significant changes in tandem
3′′′′′-UTR isoform expression

By analyzing our custom transcript isoform annotation, each gene
was scrutinized for tandem 3′-UTR expression. If a gene had mul-
tiple transcript isoforms that shared the same 3′ terminal exon (5′

splice site, thereof), but were cleaved and polyadenylated at dif-
ferent positions, these transcript isoforms were considered as tan-
dem 3′-UTR isoforms. For analytic stringency, we only considered
transcript isoforms with ≥50 TED-seq reads within the 300 nt re-
gion upstream of the PAS for further analysis. This approach al-
lowed us to remove any potential decay intermediates and other
artifacts derived from internal priming from our collection of PAS
isoforms, and focus on amore confident set of transcript isoforms.
In cases with multiple transcript isoforms located within ≤300 nt,
wedetermined the isoformwith thehighest read counts as thema-
jor isoform, and the rest as minor isoforms. Finally, for the final set
of major transcript isoforms, each transcript isoform was indexed
based on their genomic location, as follows. In the case of a 3′ ter-
minal exon expressing multiple PAS isoforms, the PAS closest to
the stop codon was indexed as 1, incrementing the index with in-
creasing distance from the stop codon. For a tandem 3′-UTR iso-
form, mRNA abundance was calculated as the read counts of the
given isoform. As described in “Poly(A) tail length estimation,”
we determined the switching direction using USI, and a χ2 test
was performed to determine the statistical significance of the 3′-
UTR switch. Under the criteria of the adjusted P-value (FDR)
<0.1, a positive USI value (USI > 0.1) indicated a switch to the lon-
ger tandem3′ UTRs (distal APA isoforms), while a shift to short tan-
dem3′ UTRs (proximal APA isoforms) has a negativeUSI value (USI
<−0.1) (Supplemental Fig. S2A–C).

PRO-seq library preparation

PRO-seq libraries for differentiated THP-1 cells were produced es-
sentially as previously described (Mahat et al. 2016). A total of 1 ×
107 cells were permeabilized in 100 µL buffer D (50mMTris-Cl pH
8.0, 25% glycerol, 5 mM MgAc2, 0.1 mM EDTA, 5 mM DTT) for
each PRO-seq sample. 2× concentrated nuclear-run-on buffer

(20 mM Tris-HCl pH 8.0, 10 mM MgCl2, 2 mM DTT, 600 mM
KCl, 500 µM ATP [Thermo Fisher, R0481], 500 µM GTP [Thermo
Fisher, R0481], 50 µM biotin-11-CTP [PerkinElmer, NEL54200
1EA], 50 µM biotin-11-UTP [PerkinElmer; NEL543001EA], 1% sar-
kosyl [Fisher Scientific; AC612075000], 1 µL SUPERase In [Thermo
Fisher, AM2694]) was added to the permeabilized cell, followed
by incubation for 3 min at 37°C, followed by 3× volume addition
of TRIzol LS (Thermo Fisher, 10296028) to stop the reaction.
GlycoBlue (Thermo Fisher, AM9515) was added to the run-on
products and subjected to ethanol precipitation. The resulting
pellet was dissolved in DEPC-treated water, denatured at 65°C,
and subject to base hydrolysis in 0.2 N NaOH on ice for 15 min,
stopped by the addition of the same volume of 1 M Tris-HCl (pH
6.8). BiotinylatedRNAswere isolatedusingStreptavidin-conjugat-
ed magnetic beads (Thermo Fisher, #11205D). Subsequently,
3′RNA adaptor ligation was performed (NEB; M0204L), followed
by another round of bead binding, 5′ decapping using RppH
(NEB, M0356S), 5′ end phosphorylation (NEB, M0201S), and
then 5′ adaptor ligation. After the 5′ adaptor ligation, a final round
of bead binding was performed; the purified products were re-
verse transcribed and PCR amplified, followedbyAmpure XP-me-
diated size selection. Adaptor dimers were removed from the
sequencing library by PAGE-mediated size selection, retaining
fragments ≥175 nt, and the resulting libraries sequenced from
their 3′ ends using an Illumina NextSeq500 platform. PRO-seq li-
braries were prepared in two biological replicates.

PRO-seq data preprocessing, mapping,
and quantifying transcription activity

PRO-seq reads were trimmed by removing the adaptor sequence
TGGAATTCTCGGGTGCCAAGG using Cutadapt (Martin 2011)
with the parameter of –e 0.10 –overlap 2. From the trimmed
reads, PCR duplicates were removed by collapsing reads with
the same UMI barcodes, followed by UMI trimming. The de-du-
plicated reads with lengths ≥15 nt were aligned to the human
genome (hg38) using BWA (Li and Durbin 2009). The resulting
uniquely mapped reads were used for further analysis. The 5′

ends of the aligned reads represent the 3′ termini of the nascent
RNA, but are located on the opposite strand. Therefore, the
bam file of uniquely mapped reads was sorted, converted to
bed format (BedTools; Quinlan and Hall 2010), retaining the 5′

position of the reads, and switched to the opposite strand to
correct transcript orientation. Finally, the number of reads
mapped to the gene body region, which spans from 500 nt
downstream from the transcription start site (TSS+500 bp) to
500 nt upstream of the poly(A) site (PAS—500 bp) for transcript
isoforms longer than 1 kb, was calculated based on hg38
GENCODE (V26) transcript annotation, and normalized to reads
per kilobase per million mapped (RPKM).

Combined analysis of PRO-seq, 3′′′′′-seq,
and TED-seq

Stratified random sampling (SRS) was performed as follows.
Genes were grouped by ΔRNA [log2 fold change (3′-seq RPM)]
or ΔPAL [Δ(mean poly(A) length)] gene groups (down, no change,
up) then randomly sampled to maintain the same distribution of
ΔTXN [log2 fold change (PRO-seq)] across each group. Genes in
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each ΔRNA (or ΔPAL) group were split into bins based on ΔTXN,
with the same number of genes sampled from each ΔTXN bin
across the three ΔRNA (or ΔPAL) groups. For the analysis of genes
with minimal transcriptional changes, we selected genes with
minimal ΔTXN [log2 fold change (PRO-seq) < 0.5] throughout
the time-course (0 h through 4 h), splitting such genes into three
groups (down, no change, up) based on ΔRNA (or ΔPAL), followed
by SRS based on ΔTXN (4 h/0 h) for more stringent ΔTXN equal-
ization. These analyses were used to test the relationship between
ΔPAL and ΔRNA after controlling for ΔTXN (Figs. 4–6;
Supplemental Figs. S4, S5, S7).

qRT-PCR

To quantify RNA abundance, total RNA was reverse transcribed
using Maxima H Minus reverse transcriptase (Thermo Scientific,
EP0751) with random hexamers at 50°C for 1 h, followed by
qPCR using SYBR green master mix (Bio-Rad, 172-5270), as de-
scribed in the manufacturer’s guide. The following primers were
used to amplify individual target genes: human GAPDH (forward,
5′-CAGCAAGAGCACAAGAGGAA-3′; reverse, 5′-TGGTTGAGC
ACAGGGTACTTT-3′); GAPDH signal was used to normalize sig-
nals from other genes. The entire qPCR primer sets are detailed
in Supplemental Table S9. Reactions were performed in 10 µL vol-
ume per reaction in four technical replicates, which was repeated
twice (two biological replicates). The data are presented as mean
±SEM, and two different conditions were compared using a two-
tailed Student’s t-test.

PAT assay

Poly(A) tails on specific mRNAs were analyzed with a Poly(A) Tail-
Length Assay Kit (Thermo Fisher, 764551KT), as follows. Total
RNA was isolated and denatured at 65°C for 3 min. 3′ termini
were extended by poly(A) polymerasewith guanosine and inosine
nucleotides. The G/I tailed poly(A) RNAs were reverse transcribed
using a universal primer provided by the manufacturer, which was
annealed to the G/I tail region, and then amplified by PCR with
the following gene-specific custom forward primer and universal
reverse primer; TNF F primer 5′-TGACCAACTGTCACTCATT-3′,
IL1B F primer 5′-GTGCTCTCTTTAAATCAAGTCCT-3′. Other
gene-specific primers and oligos used in this study are listed in
Supplemental Table S9. To confirm the size of the deadenylated
mRNAs for each mRNA species, poly(A) tails were digested by
RNase H, as follows. Twomicrograms of total RNAwas denatured
in the presence of oligo d(T)18 at 65°C for 5 min, followed by slow-
ing cooling to 30°C. The poly(A) tails, hybridized to oligo dTs,
were digested with 5U of RNase H (NEB, M0297) at 37°C for 1
h, followed by heat inactivation at 65°C for 20 min, and TRIzol ex-
traction. The purified RNAswere subjected to 3′ RNA ligationwith
an RNA adaptor sequence, followed by reverse transcription
(Thermo Scientific, EP0441) as described in the manufacturer’s
protocol. PAT PCR was performed as described by the manufac-
turer. Finally, the size of the PAT PCR product was assessed by
running half of the PCR reaction through 6% PAGE gel and stain-
ing the gel with SYBR Gold (Invitrogen, S11494). PAT assay was
repeated at least twice for each gene of interest, and one of the
replicates was shown to be representative.

Association of AU content in the 3′′′′′ UTR with poly(A)
tail length changes

For each transcript isoform, AU content in the 3′ UTR was calculat-
ed by the number of A and U nucleotides divided by the 3′-UTR
length, using the hg38 reference sequence of the target tran-
script’s 3′ UTR. For ΔPAL association tests, we classified transcript
isoforms with ΔPAL≥10 nt as PAL-increased, those with ΔPAL≤
-10 nt as PAL-decreased, andwith |ΔPAL|≤5 nt as not undergoing
changes in tail length. 3′-UTR length was calculated by integrat-
ing our experimentally determined PAS into the reference 3′-
UTR annotations (GENCODE v26). For a given transcript isoform,
codon optimality was calculated as the mean of the codon stabi-
lization coefficients (CSC) of all codons constituting the corre-
sponding coding sequence using CSC values previously
determined in four human cell lines, HEK293T, HeLa, RPE, and
K562 (Wu et al. 2019) and is related to Figure 3A,B and
Supplemental Figure S3.

Association of 6-mer frequency with poly(A) tail
length changes

A matrix of 6-mer counts for 3′ UTRs corresponding to our exper-
imentally determined isoforms was created by counting the num-
ber of instances of each 6-mer (n=4096) in each 3′ UTR, which
were normalized by the 3′-UTR length. Alternatively, the first
and last 500 nt of 3′-UTR regions were used in genes with 3′-
UTR lengths longer than 1 kb. The associations of each 6-mer
count with changes in poly(A) tail length were tested by binning
genes into four quartile groups based on the given 6-mer content:
0%–25%, 25%–50%, 50%–75%, and 75%–100%; comparing
ΔPAL between the top and bottom quartiles; and assessing by
Student’s t-test. After FDR correction, 6-mers were considered
to be associated with poly(A) tail length changes with FDR<
0.1. The identified 6-mers (significant 6-mers) were grouped
into seven groups based on the number of A and U residues; 0,
1, 2, 3, 4, 5, and 6. To examine the effects of the 6-mer on poly
(A) tail length change, the value ΔΔPAL was defined for each of
the 6-mers significantly associated with ΔPAL, as follows:

DDPAL = mean · DPALtop quantile group (75%−100%)

−mean · DPALbottom quantile group (0%−25%).

For 6-mers with ΔΔPAL>0, we considered the corresponding
6-mer as associated with poly(A) tail lengthening in response to
LPS stimulation, and vice versa for 6-mers with ΔΔPAL<0, indicat-
ing association with a decrease in tail length. This is related to
Figure 3C,D.

Combinatorial codes analysis in the 3′′′′′ UTR

To identify two different cis-elements whose co-presence is more
associated with ΔPAL than that of a single type, we examined the
combinatorial effects of two different 6-mers (A and B, hereafter)
in the association with ΔPAL using a set of the 6-mers whose fre-
quency was individually identified as associated with ΔPAL in the
last 500 nt 3′-UTR region. Transcript isoforms were categorized
into four groups based on the frequency of A and B in the last
500 nt 3′-UTR regions; (1) none of A and B, (2) A only (n=2),
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(3) B only (n=2), and (4) both A and B (n=1 for each; total n=2),
where the total number of the tested 6-mers were fixed to avoid
the potential bias from the number of motifs. This analysis was it-
erated for all different time point comparisons. To predict RBPs
that are likely to bind to a given 6-mer, RBP motif scores were cal-
culated for the 6-mer using a corresponding position weight ma-
trix (pwm) of a given RBP, which was iterated across all RBPs (n=
202) using the CISBP-RNA database (Ray et al. 2013). If a RBP has
a pwm with more than 6 nt positions, the given 6-mer was tested
for a match to the pwm in a nucleotide increment; for a RBP motif
pwm containing seven positions, two motif scores were generat-
ed for a given 6-mer, for example. Any RBP showing the RBP
motif score ≥6 was considered as a RBP whose motif aligns to a
given 6-mer.

RBP enrichment in the 3′′′′′ UTR

To scan for sites corresponding to RBP (RNAbinding proteins), we
used the CISBP-RNA database, which consists of 202 position
weight matrixes for human RBP recognition motifs (Ray et al.
2013). Only the RBPs that are expressed in THP-1 cells, as defined
by the 3′-seq data, were included (n=86). Here, 3′-UTR sequenc-
es of experimentally determined PAS isoforms were used in the
analysis. To count instances of an RBP binding motif enriched in
the 3′ UTRs of interest (PAL increase) relative to the background
(no change in PAL) or counterpart (PAL decrease), each 3′-UTR se-
quence was searched for the given RBP binding site with a score
≥6, calculated as the natural log transformation of the odds ratio
of the occurrence of the given motif in the examined 3′-UTR se-
quence versus a two-order Markov model background. Fisher’s
exact test was performed to calculate the statistical significance,
and the corresponding P-value was adjusted by FDR with a
threshold for significant RBP motifs set as FDR<0.2 (Figs. 5E,
6E; Supplemental Fig. S7D).

Analysis of ActD-pretreated LPS activation

Poly(A) tail length changes were quantified for the PAS isoforms
that passed a cutoff of 50 TED-seq reads across all time points
(0, 1, 2 h) in ActD pretreated samples (n=7771 derived from
6069 genes). The genes with a mean PAL increase greater than
five (ΔPAL≥ 5 and FDR<0.2) in both biological replicates were
defined as cytoplasmic/post-transcriptional polyadenylation tar-
gets and those with no change or decrease (ΔPAL<1) defined
as controls. Otherwise, data was processed as described in
the section “Poly(A) tail length estimation and identifying
significant changes in poly(A) tail length” (Figs. 5, 6;
Supplemental Figs. S6, S7).

Western blot

At different indicated time points upon LPS stimulation, cells were
lysed in ice-cold lysis buffer (10mMTris, 10mMNaCl [pH 8.0], 1%
NP-40, 2 mM MnCl2) containing 1x Protease Inhibitor (Roche,
11873580001) on ice. After scraping the cells into a tube, samples
were sonicated until the lysate solution cleared. For the phospha-
tase-untreated samples, SDS was added to a final concentration
of 1%, followed by 10 min incubation at 95°C. For the control

sample (phosphatase-treated), a 30 min incubation with
Lambda phosphatase (NEB, P0753S) was performed at room tem-
perature, followed by a 10 min incubation with Alkaline phospha-
tase (NEB, M0290). After addition of SDS to a final concentration
of 1%, phosphatase-treated samples were boiled for 10 min at
95°C to inactivate the phosphatase enzymes. Protein concentra-
tion was determined by BCA assay, then equal amounts of pro-
teins (50 µg) were prepared, mixed with 2× Laemmli buffer
containing 2.5% β-mercaptoethanol, and then boiled again at
95°C for 5 min before loading. After electrophoresis in 7% SDS-
PAGE gel and transfer to a nitrocellulose membrane, the blotted
membrane was incubated with 3% BSA containing TBS-T, fol-
lowed by overnight incubation with primary antibodies for
ZFP36 (Cell Signaling, #71632), and vinculin (Sigma-Aldrich,
V9131). After incubation with infrared fluorescent dye-conjugated
secondary antibodies (IRDye 800CW goat anti-rabbit for ZFP36,
IRDye 680RD goat anti-mouse for vinculin), proteins were detect-
ed on a LI-COR Odyssey. Phosphorylated and unphosphorylated
ZFP36 were discriminated from one another by their difference in
molecular weight and sensitivity to phosphatase treatment (Wang
et al. 2015). This experiment was repeated three times, and one of
the replicates is shown as a representative in the main figure.

Bulk poly(A) assay

A total of 3 µg of total RNA (extracted by TRIzol) was labeled with
33.3 µM pCp-Biotin (Jena Bioscience, NU-1706-BIO) with 20 U T4
ssRNA ligase (NEB,M0204S) in a 50 µL reaction overnight at 16°C,
followed by RNA purification by RNA Clean and Concentrator
(Zymo Research, R1013). The labeled RNAs were digested by RN-
ase A/T1 mixture at a 1:1000 dilution (Thermo Scientific, EN0551)
for 30min at 37°C. The resulting poly(A) tails, which are insensitive
to RNaseA/T1 enzymes, were purified by TRIzol, followedbyelec-
trophoresis on a denaturing 7% 7MUrea-PAGE gel, together with
a labeled RNA ladder (Invitrogen, AM7145). For northern blotting,
the RNAs were transferred to a nitrocellulose membrane on a
Semi-Dry Transfer Blotting System (Bio-Rad, 1703940). After
membrane blocking and subsequent wash steps, the 3′ biotin-la-
beled poly(A) tails were detected with streptavidin-conjugated
horseradish peroxidase (HRP) and a 1-min incubation with the
chemiluminescent substrate (Luminol/Enhancer Solution), fol-
lowed by brief exposure to X-ray film. All the materials used post
transfer, including blocking buffer, wash buffer, streptavidin-
HRP, and Luminol/Enhancer Solution, were components of the
North2South Chemiluminescent Hybridization and Detection Kit
(Thermo Scientific, #17097).

Cloning of human ZFP36 3′′′′′-UTR reporter constructs

For transfection into RAW 264.7 cells, an EGFP coding region and
the human ZFP36 3′-UTR sequences, either wild-type (WT) or mu-
tant versions (MUT-DEL, MUT-GC), were cloned downstream
from the CMV promoter of the vector pCMV-7.1 (Addgene
#47948) by Gibson assembly. For transduction into THP-1 cells,
CMV-EGFP-ZFP36 3′-UTR fragments, with either wild-type or mu-
tant (MUT-DEL, MUT-GC) versions of the human ZFP36 3′ UTR,
were cloned into a modified lentiviral pGFP-3′-UTR plasmid
(Clontech) by Gibson assembly. The human ZFP36 3′-UTR se-
quences (WT, MUT-DEL, MUT-GC) were ordered as gBlocks
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(IDT) with vector-overlapping sequences at the fragment ends to
be compatible with Gibson assembly.

Designing mutant versions of human ZFP36 3′′′′′-UTR
sequence

Wild-type 3′-UTR sequence of human ZFP36 was scanned for
known RBP motifs using CISBP-RNA database. Motif score was
computed by summing up weights (PWM) at corresponding posi-
tions. Out of the RBP motifs with a binding score ≥5, those which
have (1) number of consecutive Us ≥3 (e.g., UUU and UUUU), and
(2) the portion of U in the given motif >0.5, were regarded as poly
(U)-containing RBPmotifs, subject to sequencemodification. In all
chosen poly(U) motifs, the consecutive poly(U) sequences were
deleted to build a MUT-DEL version of ZFP36 3′ UTR, or replaced
with G and C of the same length as the U stretch. The 3′-UTR se-
quences of WT, MUT-DEL, and MUT-GC versions are provided in
Supplemental Table S9.

Viral packaging and transduction

Lentiviral packaging and lentivirus infection with the 3′-UTR
reporter constructs were performed following the protocols
from Broad Institute GPP (The Genetic Perturbation Platform)
web portal (https://portals.broadinstitute.org/gpp/public/
resources/protocols). For lentiviral packaging, HEK293T cells
were seeded to a density of 5×105 cells in 10 cm culture dishes.
Twenty-four hours later, transfection was carried out using Tran-
sIT-LT1 transfection reagent (Mirus Bio, #MIR2304) to introduce
packaging and lentiviral plasmids into HEK293T cells. After har-
vesting the media containing lentivirus, the virus supernatant
was filtered using 0.45 µM syringe filters (VWR; #514–4133) and
stored at −80°C until the lentiviral transduction. For transduction
of THP-1 cells, 20,000 cells were plated in six-well plates, followed
by spinfection with lentivirus at 300g at 30°C for 1.5 h. After 24 h
of incubation, 10 mL fresh medium was added to the cells and
transferred to a T25 flask. Transduction status of the 3′-UTR re-
porter constructs was monitored by checking GFP intensity on a
microscope on a daily basis. Three days post-infection, G418
(Gibco, #10131027) was added to the cells at a final concentration
of 1 mg/mL, followed by a 2-wk selection for the virus-integrated
cells with a media change twice/week. After antibiotic selection,
cells were differentiated with 200 ng/mL PMA overnight, followed
by media change with regular fresh media (without PMA). Three
days later, the differentiated cells were treated with or without
200 ng/mL LPS for 1 h before total RNA extraction for PAT assay.

Quantification and statistical analysis

Data are presented as mean±SD or mean±95% CI (as indicated).
Statistical significance was calculated with two-tailed Student’s t-
test, Kolmogorov–Smirnov test, or Wilcoxon signed-rank test with
the significance denoted as follows: P<0.05(∗), P<0.01(∗∗), and
P<0.001 (∗∗∗), unless noted otherwise. The type of statistical
test, the value of n, and the statistical significance (P-value or
FDR) are described in the figures, legends and/or “Results” sec-
tion. All the experiments and the sequencing libraries were per-
formed and prepared in two biological replicates, unless noted

otherwise. For the screen shot of sequencing reads or immuno-
blot/PAT assay results, a single library/experiment was shown as a
representative of ≥2 biological replicates confirmed to show con-
sistent results. All the downstream sequencing data analyses
were performedusing the values averaged from twobiological rep-
licates. Stratified random samplings were used to determine the
sample size. All graphs and statistical tests were performed using R.

DATA DEPOSITION

The code for processing TED-seq, PRO-seq, 3′-seq and the anal-
yses reported in this paper is available at https://github.com/
YeonuiKwak/Project_MacActivation. Raw and processed data of
TED-seq, PRO-seq, and 3′-seq are available at GEO accession
number GSE161188.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper
and how do they impact this branch of the field?

Most systematic, genome-wide investigations of poly(A) tail length
control have been limited to some specific biological contexts,
such as oocyte maturation. Most examples of poly(A) tail length
regulation in nondevelopmental systems have only been shown
with a handful of genes. By examining mRNA abundance, nascent
transcripts, and poly(A) tail length across a time course of macro-

phage activation, we found some evidence that many genes are
going through readenylation in this system. This result suggests
that perhaps readenylation could be more common in post-em-
bryonic systems.

What led you to study RNA or this aspect of RNA science?

RNA is an intermediate molecule that translates genetic informa-
tion in DNA to protein. Gene expression is significantly modulated
through a plethora of regulations acting on RNA. Therefore, gain-
ing a full appreciation of gene regulation at the RNA level is crucial
for understanding normal cellular physiology to human
pathologies.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

It was surprising to us that many mRNAs that underwent tail exten-
sion encode proteins necessary for post-transcriptional regulation,
including ZFP36. Particularly, it is intriguing that many mRNAs un-
dergoing tail lengthening are, in turn, down-regulated by elevated
levels of ZFP36. This result implies that macrophage activation in-
volves a complex post-transcriptional feedback loop to ensure
gene expression integral to macrophage activation.

If you were able to give one piece of advice to your younger
self, what would that be?

Before carrying out an experiment, take enough time to think
about what, why, and how you should do it. It is your solid answers
to the “what, why, and how” that could drive your research in an
effective way.
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