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SUMMARY

Genome-wide profiling of nascent RNA has become a fundamental tool to study transcription
regulation. Unlike steady-state RNA-sequencing (RNA-seq), nascent RNA profiling mirrors real-
time activity of RNA polymerases and provides an accurate readout of transcriptome-wide
variations. Some species of nuclear RNAs (i.e., large intergenic noncoding RNAs [lincRNAs] and
eRNAS) have a short half-life and can only be accurately gauged by nascent RNA techniques.
Furthermore, nascent RNA-seq detects post-cleavage RNA at termination sites and promoter-
associated antisense RNAs, providing insights into RNA polymerase 11 (RNAPII) dynamics and
processivity. Here, we present a run-on assay with 4-thio ribonucleotide (4-S-UTP) labeling,
followed by reversible biotinylation and affinity purification via streptavidin. Our protocol allows
streamlined sample preparation within less than 3 days. We named the technique fastGRO (fast
Global Run-On). We show that fastGRO is highly reproducible and yields a more complete and
extensive coverage of nascent RNA than comparable techniques can. Importantly, we demonstrate
that fastGRO is scalable and can be performed with as few as 0.5 x 106 cells.
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Barbieri et al. developed fastGRO, a nascent RNA-sequencing technique based on nuclear run-on.
Using a streamlined, under-3-days protocol, fastGRO tracks the activity of RNA polymerase for
differential gene expression analysis, polymerase kinetic studies, and profiling of lowly expressed
and unstable RNA species. A low-input fastGRO protocol profiles nascent RNA in as little as 0.5
x 106 cells.
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INTRODUCTION

In slightly more than a decade, next-generation sequencing (NGS) technology has
revolutionized the field of transcription by allowing precision mapping of most RNA
species, from mRNAs to large intergenic noncoding RNAs (lincRNAs). Usually, RNA is
extracted from crude cell extracts via acidic phenol-chloroform precipitation and either
reverse transcribed with oligo(dT) or subjected to ribosomal RNA depletion, first, followed
by reverse transcription using a pool of short random oligos (thus avoiding the
polyadenylation bias). Adaptor ligation and PCR-based amplification convert the original
pool of RNAs into a sequencing-ready library that will generate quantitative transcriptomic
profiles (Stark et al., 2019). Regardless the specific protocol of choice, there are several
limitations to these widely used RNA-sequencing (RNA-seq) techniques. First, traditional
RNA-seq measures steady-state, mostly cytoplasmic, RNA species. Steady-state RNA levels
are the ultimate result of synthesis rate, RNA processing, and RNA stability. Both RNA
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processing and stability are highly regulated in every cell type (Schoenberg and Maquat,
2012; Pai and Luca, 2019; Yamada and Akimitsu, 2019). Therefore, RNA-seq alone is
insufficient to infer the accurate transcriptional activity of any given gene. Additionally,
transcription by RNA polymerase 11 (RNAPII) is not a steady and passive process of
ribonucleotide chain assembly. There are multiple, critical, regulatory steps and checkpoints
all along the transcription cycle that cannot be discerned with the resolution offered by
RNA-seq (Adelman and Lis, 2012; Kwak and Lis, 2013; Proudfoot, 2016). Lastly, there are
low-abundant and poorly stable RNA species that fall below the RNA-seq detection
threshold. For instance, biologically active enhancer RNAs (eRNAs) and other lincRNA
species are hardly represented in conventional transcriptomic data (Lai and Shiekhattar,
2014; Gardini and Shiekhattar, 2015). To overcome limitations of RNA-seq, several groups
have developed high-throughput methods that tap into the so-called “nascent” fraction of
cellular RNA (Wissink et al., 2019). Nascent transcripts represent the small RNA fraction
(>0.5% of total RNA content in a cell) that is actively synthesized and still associated with
RNA polymerase. Global run-on sequencing (GRO-seq) was the first genome-wide
technique developed to probe nascent transcription genome-wide (Core et al., 2008). GRO-
seq yields an exact footprint of already engaged RNA polymerase by building upon the
strengths of a 40-year-old assay (Gariglio et al., 1974, 1981). In GRO-seq, nuclei are
isolated and flash-frozen only to resume transcription /n vitro in the presence of a labeled
nucleotide (Core et al., 2008; Gardini, 2017). Precision nuclear run-on (NRO) sequencing
(PRO-seq) was developed years later as a modification of GRO-seq using biotinylated
nucleotides (Core et al., 2014). Both techniques are time consuming and marred by non-
standardized library preparation (Mahat et al., 2016; Gardini, 2017). Another popular
method for deep sequencing of nascent RNA, transient transcriptome sequencing ([TT-seq]
as well as its parent technique, 4-thiouridine sequencing [4SU-seq]), relies on metabolic
labeling of RNA but also recovers partly and fully processed RNA that is not associated with
RNAPII (Schwanhdusser et al., 2011; Schwalb et al., 2016). Additional strategies to purify
RNAPII-associated transcripts, such as native elongating transcript sequencing (NET-seq)
and mammalian NET-seq (MNET-seq), are biased toward identifying pausing sites of
polymerase and depend on affinity purification or subcellular fractionation (Mayer et al.,
2015; Nojima et al., 2015).

We have developed a run-on technique (fast Global Run-On; fastGRO) that allows robust
mapping of the nascent transcriptome in under 3 days. Our technique optimizes the usage of
4-thio ribonucleotides (4-S-UTPs) for NRO assays. We take advantage of reversible
biotinylation to label and enrich for newly synthesized RNA species, and we ultimately
generate strand-specific libraries for lllumina sequencing using commercially available prep
kits. Here, we use fastGRO to measure nascent RNA in HeLa and THP1 cells, and we
compare our technique to a variety of nascent RNA assays that have been widely adopted
over the past years. While reducing processing time by more than half, we show that
fastGRO yields more consistent coverage across gene bodies (spanning introns and post-
termination RNAS) than other benchmark techniques and can reliably gauge the kinetics of
RNAPII. We also find that processed RNA contamination is significantly lower in fastGRO.
We use fastGRO to measure a variety of RNA species, including low-abundant lincRNAs
and short-lived eRNAs and antisense promoter transcripts. A major limitation of current
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techniques is the large amount of starting material required, which restricts their
applicability to inexpensive, fast-growing cell lines. Here, we show that fastGRO is down-
scalable and can be performed with as few as 0.5-1 x 106 cells, potentially extending
nascent RNA studies to a variety of model systems.

fastGRO Yields Comprehensive Nascent Transcriptome Data in Human Cells

We obtained fastGRO libraries using the suspension cell line THP-1. These widely used
leukemic cells are poorly differentiated myeloid progenitors that can respond to
inflammatory stimuli (such as lipopolysaccharide [LPS]) similar to monocytes (Bosshart and
Heinzelmann, 2016). We processed both unstimulated and LPS-treated THP-1 cells by, first,
incubating whole cells in hypotonic solution to cause swelling and subsequent lysis of the
plasma membrane (Figure 1A). Next, we used isolated nuclei to perform /n vitro run-on
reactions with the addition of 4-S-UTP in lieu of the brominated or biotinylated
ribonucleotides used in GRO-seq and PRO-seq, respectively. Nucleosidetriphosphats (NTPs)
containing a reactive thiol group are efficiently incorporated by RNA polymerase as
evidenced by techniques such as 4SU-seq and TT-seq (Schwanhausser et al., 2011; Schwalb
et al., 2016) that rely on metabolic labeling starting from thionucleoside analogs. Following
isolation by TRIzol, we subjected RNA to mild sonication (Figures 1B and 1C) using a
Bioruptor device. This step is necessary to improve the efficiency of the downstream
immunopurification and to obtain an even representation of the fully unprocessed mRNA
transcript (Figure S1). In fact, we observed that undersonicated RNA resulted in significant
loss of resolution at the 3" of most genes (Figure S1). The incorporated 4-S-UTPs are
covalently biotinylated using a pyridyldithiol-biotin compound. The reaction forms a
reversible disulfide bridge between biotin and the uracil base and allows enrichment of bona
fide nascent RNA by affinity purification via streptavidin-conjugated beads. Lastly, affinity-
bound molecules are eluted with harsh reducing conditions to cleave off the biotin adduct
and recover nascent RNA fragments that will be incorporated into directional (stranded)
Illumina-compatible libraries (Figure 1A).

We initially assessed the coverage of fastGRO sequencing by using de novo transcript
identification with the HOMER suite (Heinz et al., 2010). In this analysis, we retrieved
nearly 23,000 newly annotated, independent transcripts in both unstimulated and LPS-
stimulated THP-1 cells (Figure 1D). Over 90% of transcripts were expressed at similar
levels between both conditions, and 1,951 were upregulated by LPS (as compared to 1,192
that were downregulated). Importantly, we assessed that fastGRO is a highly reproducible
technique, since replicated experiments that were independently performed show highly
significant correlation (Figure S2). Average read profiles of the 300 most expressed genes
(Figure 1E) show a robust signal with seamless coverage along the entire gene body,
including the 3" post-termination region (data were normalized using spike-in of Drosophila
RNA,; see STAR Methods for details). Furthermore, fastGRO detected strong nascent
transcription at LPS-induced genes as well as LPS-related enhancer and super-enhancer sites
(Figures 1F-111; Figure S3). On average, fastGRO proficiently detects nascent RNA at all
RNAPII sites, including antisense promoter transcripts that are known to be rapidly
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degraded by the exosome (Figure 1J; Flynn et al., 2011). Lowly abundant lincRNAs were
also well represented in our dataset (Figure 1K). These transcripts are highly regulated and
contribute to the expression of neighboring genes, as in the case of PVT1 (Figure 1K),
which is adjacent to the MYC locus and essential for MY C-driven oncogenesis (Tseng et al.,
2014). lincRNAs are conventionally defined as noncoding transcripts longer than 200 bp.
Importantly, even shorter noncoding RNAs, either RNAPII or RNAPIII dependent, were
robustly detected by fastGRO. For instance, we were able to profile tRNAs, small nucleolar
RNASs (snoRNAs), and uridylate-rich small nuclear RNAs (UsnRNAS) (Figure S4).

Similar to GRO-seq and PRO-seq, fastGRO profiles are a reflection of RNAPII occupancy
and incorporate information on polymerase activity, such as the rate of pause-release and
elongation. We used our dataset to calculate pausing indexes (the read ratio between the
proximal promoter and the remaining gene body) at 300 highly expressed, constitutive genes
and at a group (100) of LPS targets (Figure 1L). Our data show no significant changes (with
or without LPS) in the control group, while the pausing index of LPS-responsive genes
decreases dramatically upon stimulation, suggesting steady accumulation of RNAPII into
the gene body.

fastGRO Detects Real-Time Kinetics of RNAPII

To evaluate the sensitivity of fastGRO and its ability to time-resolve the dynamics of
RNAPII in human cells, we performed a time course analysis of nascent transcription in
THP-1 cells, at both constitutively active and LPS-induced genes (Figure 2A). Briefly, we
blocked elongation genome-wide using the CDK3 inhibitor flavopiridol, thereby inducing
widespread pausing of RNAPII at proximal promoters. After flavopiridol washout (and
simultaneous stimulation with LPS), we collected nuclei at 5, 15, and 30 min and performed
fastGRO to gauge the release of RNAPII into the gene body (Figure 2A). Due to much
reduced RNA yield of the flavopiridol-treated samples, we increased the starting number of
nuclei to 60 million (as opposed to 20 million for all other time points). Upon 2-h treatment
of THP-1 with flavopiridol, we observed that nearly all nascent transcription originated from
the proximal promoter, suggesting a near-complete elongation block (Figure 2B). We first
examined 437 constitutively active genes (non-responsive to LPS). While few RNAPII
molecules seemed capable of escaping the flavopiridol blockage, 5 min after washout,
RNAPII markedly transitioned into the first third of the gene body. Subsequently, the
transcriptional front traveled steadily toward the transcription end site (TES) region over the
15- and 30-min time points (Figures 2B and 2C). Notably, significant coverage after the TES
was visible only after 30 min after the flavopiridol washout.

We extended our analysis to LPS genes by subjecting THP-1 cells to LPS stimulation at the
washout step. We selected a subgroup of 55 larger (>10 kb) genes that were suitable for
analysis of RNAPII kinetics (Figure 2D). Unlike constitutive genes, which showed robust
pausing of RNAPII before stimulation, LPS genes piled up much fewer reads at their
proximal promoter upon flavopiridol treatment (Figure 2E). Our data showed gradual
increase of nascent RNA reads along the gene body over time, as exemplified by low-density
lipoprotein receptor (LDLR) (Figure 2E). Analysis of the read distribution of 55 genes,
divided by quartiles, showed significant increase only at the first and second quartiles after 5
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min of LPS, while the third quartile peaked at 15 min and the fourth quartile rose higher
only after 30 min post-stimulation (Figure 2D). Taken together, these data suggest that
fastGRO is accurately picking up the real-time dynamics of RNAPII and is suitable to
determine RNAPII kinetics under different conditions.

Unbiased Recovery of Unprocessed Transcripts by fastGRO

Unlike steady-state RNA-seq, nascent RNA-seq captures transcripts before they have been
fully processed. Since the vast majority of eukaryotic protein coding genes contain multiple
introns, splicing is deemed one of the most frequent and abundant RNA processing events.
Therefore, we sought to measure residual splicing events in fastGRO data to probe the actual
enrichment of nascent, unprocessed transcripts. We used MAJIQ (Vaquero-Garcia et al.,
2016) to determine the relative frequency of splicing junctions, normalized by transcriptome
coverage. We stacked up fastGRO of THP1 cells against ribodepleted and poly(A)-selected
RNA-seq data that we obtained from the same batch of cells (Figure 3A). As expected,
poly(A) RNA-seq data bear the highest fraction of spliced transcripts (with a median >80%)
as opposed to ~20% of fastGRO. Ribo-depleted RNA-seq also carries significantly more
junctions, albeit slightly lower than poly(A) RNA-seq (as expected, ribodepletion allows
minimal retention of non-polyadenylated, unprocessed RNA species). Next, we compared
fastGRO to previously published techniques that capture nascent transcription by means of
run-on assay (GRO-seq and PRO-seq), metabolic labeling (TT-seq), and isolation of
RNAPII/RNA complexes (NET-seq). By taking advantage of commercially available library
preparation kits and a single round of biotin enrichment, fastGRO samples can be prepared
within 2.5 days, while most other protocols require 5 days of processing time before
obtaining sequencing-ready libraries (Figure 3B). We mined public repositories for
previously published nascent transcriptomic data of THP-1 cells. We retrieved datasets of
GRO-seq, PRO-seq, and TT-seq. First, we compared the relative enrichment of nascent,
unspliced transcripts using MAJIQ. Strikingly, fastGRO showed the least contamination of
spliced RNA of all techniques (Figure 3C). Long read mNET-seq, however, displayed
superior enrichment for unspliced transcripts compared to fastGRO (Figure S5; we
compared available long read mMNET-seq data in HeLa cells to data from a fastGRO
experiment we performed in the same cells). Next, we compared the average read density
profile of fastGRO, GRO-seq, PRO-seq, and TT-seq (normalized by sequencing depth).
Across a group of highest expressing protein coding genes, fastGRO and TT-seq similarly
displayed smooth and continuous density profiles across the entire gene body (Figures 3D
and 3E). PRO-seq and GRO-seq profiles appeared more irregular and biased toward the 5
promoter proximal region (Figures 3D and 3E). Since both GRO-seq and PRO-seq protocols
comprise multiple size selection steps performed on polyacrylamide gels, they are more
likely to introduce a size bias toward smaller RNA fragments.

To ensure that fastGRO is applicable to other cell systems and further the comparison to
similar techniques, we generated libraries from HeLa cells. fastGRO showed the most
homogeneous coverage across the whole gene body of the top 300 expressed genes (Figures
3F and 3G). PRO-seq and GRO-seq profiles showed more 5" bias and scattered coverage
(Figures 3F and 3G). We also analyzed an available standard mNET-seq dataset. The signal
was more robust than all other techniques (as per read depth normalization) but heavily
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scattered due to the nature of NET-seq technology that favors discovery of polymerase
pausing sites. Furthermore, fastGRO data ensured comprehensive coverage of bidirectional
enhancer RNAs (Figure 3H), comparable to other techniques.

fastGRO Maps the Fate of RNA Polymerase Post-termination

We observed increased coverage of 3" regions by fastGRO at several protein coding genes
(Figures 3D and 3E). In particular, we noticed a robust pile-up of sequencing reads
surrounding the annotated TES. Upon recognition of the polyadenylation site (PAS), the
cleavage and polyadenylation machinery is recruited by RNAPII, resulting in the release of a
full-length, capped mRNA precursor that will be handed over to poly(A) polymerase (Shi
and Manley, 2015; Proudfoot, 2016). However, RNAPII moves further downstream and
elongates the post-termination uncapped 3" RNA, which is promptly degraded by the Xrn2
exonuclease. Running after polymerase for several hundreds of nucleotides, Xrn2 eventually
prompts RNAPII arrest and unload from its chromatin template (Eaton and West, 2018).
Post-termination RNA is rapidly degraded—and, hence, difficult to recover—but provides
unique insight into the mechanisms and protein complexes that oversee termination. To fare
nascent RNA protocols on their ability to recover 3" RNA, we generated a “termination
index” for all highly expressed genes by calculating the ratio of normalized read density
after and before the annotated PAS (Figure 4A). We found that fastGRO allowed far more
significant recovery of post-termination RNA than PRO-seq and TT-seq (and similar to
GRO-seq) (Figure 4A). This was also evident by plotting read-density profiles centered
around the TES of the top expressed transcripts (Figure 4B) and by looking at specific genes
that present exceptionally extended 3" ends such as FUT4, SFPQ, and HNRNPK (Figures
4C and 4D; Figure S6).

A Scalable Global Run-On Assay

Nascent RNA techniques require a large amount of starting material, restraining their
applicability to easily cultured, inexpensive cell types (Wissink et al., 2019). The
recommended starting cell number for optimal GRO-seq and PRO-seq experiments ranges
from 1.5 x 107 to 2 x 107 (Gardini, 2017; Wissink et al., 2019). Similarly, NET-seq is
optimized for 1 x 107 cells (Mayer and Churchman, 2016), while mNET-seq requires up to
1.6 x 108 starting cells due to the additional RNAPII immunoprecipitation (IP) step (Nojima
et al., 2016). TT-seq, which is based on metabolic labeling, necessitates 300 g of total RNA
before streptavidin immunopurification, equaling up to 3 x 10 starting cells (Schwalb et al.,
2016). We initially obtained fastGRO datasets using 1.5 to 2 x 107 cells (Figures 1, 2, and
3), which appeared sufficient to yield extensive coverage of nascent transcripts across most
genes. In fact, as we increased starting material by 5-fold (1 x 108 cells, similar to mNET-
seq) we did not observe increased coverage (Figures S7A and S7B). Conversely, we
attempted to reduce input material and noticed that the use of fewer than 5 x 108 HeLa cells
almost invariably resulted in undetectable amounts of RNA after IP and poor-quality
libraries (Figure S7C). We reasoned that boosting the efficiency of thio-UTP biotinylation
could improve RNA recovery and the overall quality of sequencing libraries. Therefore, we
developed a low-input variant of fastGRO (STAR Methods) by taking advantage of the
recently optimized methane thiosulfunate biotin (biotin-MTS) (Duffy et al., 2015). While
biotin-MTS is more efficient in forming disulfide bonds with 4-S-UTP, it may also cross-
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react with non-thiolated UTP, exposing the entire procedure to contamination of unlabeled,
steady-state RNA (Marzi et al., 2016). In fact, we observed increased carryover of processed
RNA when using a large number of cells (1.5 x 107). We measured spliced RNA content
with MAJIQ and found that biotin-MTS samples carry significantly more contamination
than samples prepared with biotin-HPDP (Figure S7D). However, the relative contamination
of processed RNA was much reduced in small-scale experiments, due to lower RNA
concentration in the reaction (Figure S7E). Hence, we adjusted the fastGRO protocol for
smaller reaction volumes (we named the low-input variant fastGRO-LI), and we generated,
first, a scale-down dataset using 5 x 108 HeLa cells. Read density profiles of the top 200
genes and the top induced epidermal growth factor (EGF) genes showed continuous
coverage across the gene body, without loss of resolution as compared to the 2 x 107 cell
dataset (Figures 5A and 5B). Next, we set up an extended downscale experiment using 2.5,
1, and 0.5 x 108 cells (8- to 40-fold less than the original experiment). We gauged the
fraction of high-input annotated transcripts that were still detected in the low-input samples.
Protein-coding genes that were undetectable equaled 10% in the 2.5 x 108- and 1 x 106-cell
experiments and up to 14% in the 0.5 x 10%-cell sample (Figure 5C). The vast majority of
transcripts were reliably detected by fastGRO-LI, and read density profiles were remarkably
consistent with those of high-input fastGRO experiments, with loss of resolution at the post-
termination RNA (Figures 5D and 5E).

In an effort to extend the portability of our technique to primary-like cells or tissues, we
performed another set of scale-down experiments in neural progenitor cells (NPCs),
obtained from a human induced pluripotent stem cell (iPSC) line. iPSCs are slow-growing,
non-transformed, human pluripotent cells (with a diploid DNA content) that can be
differentiated into a variety of human tissues and cell types. First, we generated NPCs
(Figure S7F) over the course of 13 days, treating cells with PSC Neural Induction Medium
for 7 days and then expanding them using GIBCO Neural Expansion Medium for 6 days.
Next, we performed fastGRO in NPCs using the standard protocol (20 million cells), and we
identified a group of about 300 highly expressed genes, many of which were neuronal
specific. Lastly, we performed fastGRO-LI using 5 million and 1 million cells and observed
no loss of resolution, except for the post-termination signal (as observed and discussed in the
case of HelL a cells) (Figures 5E and 5F). Elevated reproducibility (measured as Spearman
correlation) between samples of different input sizes suggests that low-input fastGRO
protocols can be applied to a broad range of primary samples/tissues (Figure S7G). Taken
together, we demonstrate the feasibility of fastGRO with less than a million cells, potentially
extending nascent transcriptome analysis to a wider pool of model systems and experimental
conditions.

DISCUSSION

We developed a fast protocol to generate genomic libraries of nascent RNA, based on a NRO
assay. During the run-on reaction, newly synthesized RNA incorporates the ribonucleotide
analog 4-S-UTP (Figure 6). Sulfhydril-reactive biotin is then covalently bound to UTP
analogs, allowing the affinity-based purification of fragmented nascent transcripts. After
elution with a harsh reducing buffer, RNA is subjected to directional library preparation as
per Hllumina guidelines (Figure 6). fastGRO generates comprehensive and seamless coverage
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of RNAPII (and RNAPIII) activity for the most abundant RNA species (highly expressed
protein coding genes, and small noncoding RNASs) as well as those harder to detect
(antisense promoter transcripts, eRNAs, and lincRNAS).

We show that fastGRO offers practical advantages over similar techniques, such as GRO-seq
and PRO-seq, that are frequently used to gauge the dynamics and processivity of RNAPII:
the overall sample processing time is reduced by more than half, and custom library
preparation is replaced by Illumina-compatible prep kits that are streamlined and generate
more reproducible libraries (cutting off the user-dependent size selection steps). Therefore,
fastGRO becomes particularly suitable for conducting kinetic studies of RNAPII that
carefully assess elongation dynamics, as we demonstrated by releasing transcription after
pharmacologically induced pausing (Figure 2). Furthermore, fastGRO vyields significantly
better enrichment of nascent, genuinely unprocessed RNA. In fact, contamination of spliced
RNA in fastGRO is the lowest among most nascent RNA-seq types, including run-on-based
techniques as well as metabolic labeling methods (i.e., TT-seq). While mMNET-seq carries
lower contamination of processed RNA than fastGRO, the applicability is limited by its
onerous requirement of starting material. The propensity of fastGRO to enrich for
unprocessed, short-lived transcripts is also visible at the post-termination site of protein-
coding genes. After encountering the first polyadenylation signal, RNAPII continues its
course for hundreds to thousands of kilobases until Xrn2-dependent termination effectively
dislodges the enzyme off of its DNA template. We calculated a termination index for a set of
highly expressed genes to demonstrate that fastGRO provides better coverage of RNAPII
activity past the PAS.

Last, we established that fastGRO can be performed with lower amounts of input material. A
major limitation of all current methods of nascent RNA sequencing is the requirement of 10
to 30 million cells per single library. We performed a serial downscale of fastGRO using a
modified protocol (fastGRO-LI) that uses a highly reactive biotin conjugate (biotin-MTS).
Our results suggest that fastGRO can be performed with as few as 0.5 x 10° cells (30 to 60
times fewer than GRO-seq, PRO-seq, or TT-seq), at the expense of less than 15% of the
transcriptome. While HelLa cells are easy to manipulate, we further demonstrate that
fastGRO-LI can be applied to iPSC-derived NPCs (with as low as 1 x 10 cells). Our
technique brings about, for the first time, portability of nascent RNA technology to a wider
range of model systems, including primary human and mouse cells.

Nascent RNA-seq is a method of choice when dissecting RNAPII regulatory steps (such as
pausing, elongation, and termination). Additionally, it provides the most accurate
quantitative data on gene regulation since it reflects the real-time activity of polymerase. In
addition to protein-coding genes, nascent RNA-seq methods are also used to measure RNA
species that are undetectable or poorly represented in canonical RNA-seq datasets. There has
been a recent research focus on unstable and/or low-abundant RNA categories, which has
propelled RNA biology and impressed a new mark on the fields of epigenetics and
transcription regulation. For instance, the low-expressed and poorly evolutionarily
constrained lincRNAs were found to regulate a variety of biological processes by associating
with either repressing or activating chromatin complexes (Gardini and Shiekhattar, 2015;
Ransohoff et al., 2018). Additionally, eRNAs have been used to gauge enhancer activity
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throughout development and were shown to directly impact gene expression (Andersson et
al., 2014; Lai et al., 2015; Bose et al., 2017). Finally, antisense promoter transcripts are
rapidly degraded but offer an invaluable insight into the architecture of eukaryotic promoters
and the mechanisms of productive elongation and early termination (Almada et al., 2013;
Andersson et al., 2015; Jin et al., 2017). Nascent RNA methods provide existential support
to these lines of research, and fastGRO represents a standardized, user-friendly, and scalable
technique that can be integrated into several experimental settings.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Alessandro Gardini
(agardini@Wistar.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Original high-throughput sequencing data are deposited at
the Gene Expression Omnibus with the accession number GSE143844.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Human THP-1 cells were obtained from American Type Culture Collection
(ATCC) and maintained in Roswell Park Memorial Institute (RPMI)-1640 medium
(Corning) supplemented with 10% (v/v) of super calf serum (GEMcell) and 2 mM of L-
glutamine (Corning) at 37°C and 5% CO,. Human HeLa cells were obtained from ATCC
and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
super calf serum (GEMcell) and 2 mM L-glutamine (Corning) at 37°C and 5% CO,. Male
SV20 induced pluripotent stem cells were obtained from the University of Pennsylvania
Human Pluripotent Stem Cell Core and differentiated over 7 days in PSC Neural Induction
Medium (GIBCO) and expanded for 6 days in Neural Expansion Medium (GIBCO) at 37°C
and 5% CO,. THP1 cells were treated with 2 uM flavopiridol (Sigma) for 2 h or 5 pg/ml of
LPS (Invitrogen) for 5, 15, and 30 min or 4 h in growing medium. HeLa were treated with
100 ng/ml of rEGF (Invitrogen) for 15 min in growing medium.

METHOD DETAILS

Experiments performed—A detailed table of experiments with cell number, cell line,
treatment, and replicate number is available in Table S1.

fastGRO—(A step-by-step protocol is publicly available at https://doi.org/10.17504/
protocols.io.bbmgik3w) 20-5 million of cells were washed twice with ice-cold PBS before
adding swelling buffer (10 mM Tris-HCL pH 7.5, 2mM MgCl,, 3 mM CacCl,, 2U/ml
Superase-in (Invitrogen)). Cells were swelled for 5 min on ice, washed with swelling buffer
+ 10% glycerol and then lysed in lysis buffer (10 mM Tris-HCL pH 7.5, 2 mM MgCly, 3
mM CaCl,, 10% glycerol, 1%l Igepal (NP-40), 2 U/ml Superase-in) to isolate nuclei. Nuclei
were washed twice with lysis buffer and resuspended in freezing buffer (40% glycerol, 5
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mM MgCl,, 0.1 mM 0.5M EDTA, 50 mM Tris-HCL pH 8.3) to a concentration of 2x10"7
nuclei per 100 pL. Nuclei were then frozen in dry ice and stored at —80°C. Nuclei were
thawed on ice and spike in nuclei were added if used. An equal volume of pre-warmed
nuclear run-on reaction buffer (10 mM Tris-HCI pH 8, 5 mM MgCl,, 300 mM KCI, 1 mM
DTT, 500 uM ATP, 500 uM GTP, 500 puM 4-thio-UTP, 2 uM CTP, 200 U/ml Superase-in,
1% Sarkosyl (N-Laurylsarcosine sodium salt solution) was added and incubated for 7 min at
30°C for the nuclear run-on. Nuclear run-on RNA was extracted with TRIzol LS reagent
(Invitrogen) following the manufacturer’s instructions and ethanol precipitated. NRO-RNA
was resuspended in water and concentration was determined with Qubit High Sensitivity
Assay kit (Invitrogen). Up to 150 ug of RNA was transfer to a new tube and 5%-10% of
spike-in RNA was added if spike in nuclei were not added prior to the Nuclear run on. RNA
was then fragmented with a Bioruptor UCD-200 for 1-5 cycles of 30 s ON / 30 s OFF, high
settings. Fragmentation efficiency was analyzed by running fragmented and unfragmented
RNA on Agilent 2200 TapeStation using High Sensitivity RNA ScreenTapes following
manufacturer’s instructions. Fragmented RNA was incubated in Biotinylation Solution (20
mM Tris pH 7.5, 2 mM EDTA pH 8.0, 40% dimethylformamide, 200 pg/ml EZ-link HPDP
Biotin (Thermo Scientific)) for 2h in the dark at 25°C, 800 rpm. After ethanol precipitation,
the biotinylated RNA was resuspended in water and biotinylated-RNA was separated with
M280 Streptavidin Dynabeads (Invitrogen). 100 ul/sample of beads were washed twice with
2 volumes of freshly prepared wash buffer (100 mM Tris pH 7.5, 10 mM EDTA pH 8.0, 1M
NaCl, 0.1% (v/v) Tween-20) and resuspended in 1 volume of wash buffer and added to the
biotinylated-RNA. After 15 min in rotation at 4°C, beads were washed three times with
wash buffer pre-warmed at 65°C and three times with room temperature wash buffer. 4-S-
UTP containing RNA was eluted in 100 mM DTT buffer and purified with RNA Clean and
Purification kit (Zymo Research) with in-column DNaseq reaction to eliminate traces of
genomic DNA. The eluted RNA was quantified with Qubit High Sensitivity Assay kit
(Invitrogen) and used to produce barcoded RNA sequencing libraries using the NEBNext
Ultra 1l Directional RNA Library Prep kit (New England Biolabs). Libraries were sequenced
on Illumina NextSeq 500.

Low-input fastGRO (fastGRO-LI)—(A step-by-step protocol is publicly available at
https://doi.org/10.17504/protocols.io.bkdtksén) 5-0.5 million nuclei were extracted as
described for fastGRO and resuspended in freezing buffer (40% glycerol, 5 mM MgCl,, 0.1
mM 0.5M EDTA, 50 mM Tris-HCL pH 8.3) to a concentration of up to 5x1076 nuclei per
25 pL. Nuclei were then frozen in dry ice and stored at —80°C. Run-on reaction was
performed as described for fastGRO, NRO-RNA was resuspended in water and
concentration was determined with Qubit High Sensitivity Assay kit (Invitrogen). Up to 30
ug of RNA was transfer to a new tube and 5%-10% of spike-in RNA was added, if spike in
nuclei were not added prior to the Nuclear run on. RNA was then fragmented with a
Bioruptor UCD-200 for 30 s, low settings. Fragmentation efficiency was analyzed by
running fragmented and unfragmented RNA on Agilent 2200 TapeStation using High
Sensitivity RNA ScreenTapes following manufacturer’s instructions. Fragmented RNA was
incubated in low-input Biotinylation Solution (25 mM HEPES pH 7.5, 1 mM EDTA, 25%
dimethylformamide, 16.4 uM MTS-Biotin (Biotium)) for 30 minutes in the dark at 25°C,
800 rpm. After ethanol precipitation, the biotinylated RNA was resuspended in water and
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DNase treatment was performed with TURBO DNase (Invitrogen) following manufacturer
instructions. Biotinylated-RNA was separated with M280 Streptavidin Dynabeads
(Invitrogen): 25 pl/sample of beads were washed twice with 2 volumes of freshly prepared
wash buffer (100 mM Tris pH 7.5, 10 mM EDTA pH 8.0, 1M NaCl, 0.1% (v/v) Tween-20)
and resuspended in 1 volume of wash buffer and added to the biotinylated-RNA. After 15
minutes in rotation at 4°C, beads were washed three times with wash buffer pre-warmed at
65°C and three times with room temperature wash buffer. thio-UTP containing RNA was
eluted in 100 mM DTT buffer, ethanol purified used to produce barcoded RNA sequencing
libraries using the NEBNext Ultra 1l Directional RNA Library Prep kit (New England
Biolabs). Libraries were sequenced on Illumina NextSeq 500.

Spike-in RNA preparation—Drosophila S9 cells were incubated for 5 minutes with
50mM of 4-thiouridine (4sU) at room temperature. Cells were then washed twice with 1X
PBS, lyzed in Trizol reagent. RNA was extracted with Direct-zol Mini prep kit (Zymo
research). Aliquots of 2 pug were prepared, snap-frozen in liquid nitrogen and store at —80°C.

Spike-in nuclei preparation—Nuclei from Drosophila S2 cells were extracted as
described for fastGRO. One million nuclei aliquots were prepared.

Real-time quantitative polymerase chain reaction—iPSCs and NPCs were lysed in
Tri-reagent and RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo research).
900 ng of template RNA was retrotranscribed into cDNA using random primers and the
Revertaid first strand cDNA synthesis kit (Thermo Scientific) according to manufacturer
directions. 50 ng of the cDNA were used for each real-time quantitative PCR reaction with
0.4 mM of each primer, 10 pL of iQ SYBR Green Supermix (BioRAD) in a final volume of
20 pl, using a CFX96 real-time system (BioRAD). Thermal cycling parameters were: 3 min
at 95°C, followed by 40 cycles of 10 s at 95°C, 20 s at 63°C followed by 30 s at 72°C. Each
sample was run in triplicate. GAPDH was used as normalizer. Primer sequences are reported
in Table S2.

PolyA RNA-seq and ribodepleted RNA-seq—Total RNA was extracted using Direct-
zol RNA Miniprep kit (Zymo Research). For polyA RNA-seq, the polyA fraction was
isolated by running RNA samples through the Oligo(dT) Dynabeads (Invitrogen). For
ribodepleted RNA-seq, ribosomal RNA was removed by the KAPA RNA HyperPrep Kit
(Roche). The resulting RNA was subjected to strand-specific library preparation using the
SENSE mRNA-Seq Library Prep Kit V2 (Lexogen). Sequencing was performed on
Nextseg500 (lllumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of RNA-seq data—Reads were aligned to hg19 using STAR v2.5 (Dobin et al.,
2013), in 2-pass mode with the following parameters:—quantMode TranscriptomeSAM-
outFilterMultimapNmax 10—outFilterMismatchNmax 10—outFilterMismatchNoverLmax
0.3-alignIntronMin 21-alignintronMax O-alignMatesGapMax 0—alignSJoverhangMin 5-
runThreadN 12-twopassMode Basic-twopasslreadsN 60000000-sjdbOverhang 100. The
latest annotations obtained from Ensembl were used to build reference indexes for the STAR
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alignment. Bam files were filtered based on alignment quality (g = 10) using Samtools
v0.1.19 (Li et al., 2009). Bam files were then normalized based on the number of reads of
spike-in/total read number with Samtools and bigwig files were built with deeptools 3.3.1
(Ramirez et al., 2016).

For nascent RNA analysis, bam files were transformed in bed file with bedtools (bamtobed
option) and subjected to analysis with HOMER v4.11 (Heinz et al., 2010). For the
identification of new transcripts, findPeaks.pl was used to analyze fastGRO data with the
following parameters: -style groseq -tssFold 6 -bodyFold 5 -pseudoCount 0.5 -minBodySize
500 -maxBodySize 100000. To analyze gene expression, FPKM (Fragments Per Kilobase of
exon per Million fragments mapped) was calculated with HOMER using analyzeRepeats.pl
(parameters: rna -count genes -strand - -rpkm -condenseGenes) and addGeneAnnotation.pl.
FPKM were used to analyze differential gene expression levels, normalized by feature
length with DESeqg2 (Love et al., 2014).

Published genome-wide data and analysis—Published data were downloaded and
re-analyzed as described for nascent RNA for GRO-seq, PRO-seq, TT-seq and mNET-seq.
H3K27ac ChiPseq data were aligned to hgl19, using Burrows Wheeler Alignment tool
(BWA) (Li and Durbin, 2010), with the MEM algorithm. Aligned reads were filtered based
on mapping quality (MAPQ > 10) to restrict our analysis to higher quality and likely
uniquely mapped reads, and PCR duplicates were removed.

Average density analysis, pausing index, and termination index analysis—
fastGRO, GRO-seq, PRO-seq, TT-seq, mNET-seq and RNA-seq data were subjected to read
density analysis after spike-in (for fastGRO) and sequencing depth normalization.
segMINER 1.3.3 was used to extract read densities, and mean density profiles were then
generated in R 3.5.3 using ggplot2 (Villanueva and Chen, 2019). For pausing index analysis,
the ratio between read counts at the TSS (-50/+150 bp) and read counts across the rest of
the gene body (+150/termination end site) was calculated. For termination index analysis,
the ratio between read counts post the termination end site (TES, TES / +3 kb) and read
counts pre-TES (-0.5 kb / TES) were calculated. Statistical robustness was calculated with
Wilcoxon rank-sum tests.

Splice junction analysis—Reads were trimmed to the average length of the reads in the
dataset with the shortest reads in each given comparison. Only one of two reads from paired-
end data were used in cases involving comparisons between single- and paired-end datasets.
Reads were aligned to human genome assembly GRCh38 using STAR (version 2.5.4b)
(Dobin et al., 2013). Splice junctions were identified and quantified using MAJIQ (Vaquero-
Garcia et al., 2016) requiring a minimum number of reads on average in intronic sites (—-min-
intronic-cov) of 0.005 and the number of intronic bins with some coverage (—irnbins) of 0.1.
Only junctions common to all samples in any given comparison were used in the analyses.
Statistical tests performed were Wilcoxon rank-sum tests.

Additional Resources—Step-by-step protocol for fastGRO is publicly available https://
doi.org/10.17504/protocols.io.bbmgik3w. Step-by-step protocol for fastGROIi is publicly
available https://doi.org/10.17504/protocols.io.bkdtksén
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

fastGRO is a high-throughput nuclear run-on protocol to profile nascent
transcriptomes

Streamlined sample preparation yields sequencing-ready libraries in less than
3 days

Enrichment of unprocessed RNA sheds light on post-termination fate of
RNAPII

Protocol scalability allows for the analysis of primary-like cells and tissues
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Figure 1. fastGRO Generates Global Nascent Transcriptome Data
(A) Schematic of fastGRO procedure. Nuclei are first isolated, and nuclear run-on (NRO) is

performed /n vitro in the presence of 4-thio-UTP. NRO RNA is isolated and fragmented,
biotinylated, recovered using streptavidin-conjugated beads, and processed for library
preparation. NG, next-generation.

(B and C) Examples of TapeStation run showing mild fragmentation of NRO RNA extracted
from LPS-treated and untreated human THP1 cells.
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(D) Two replicates of control (CTRL; purple) and LPS-treated THP1 (dark pink) fastGRO
samples were analyzed by HOMER to identify common and LPS-induced transcripts.

(E) Average density profiles of fastGRO signals for CTRL and LPS-induced THP1 at 300
most expressed genes. TSS, Transcription Start Site, TES, Transcription End Site.

(F) Average density profiles of fastGRO reads for CTRL and LPS-induced THP1 at 300
most LPS-induced genes.

(G) Screenshot of region surrounding the LPS-induced gene SOD2 showing fastGRO reads
along gene body, post-TES, and promoter antisense.

(H) Average density profiles of sense and antisense fastGRO reads at 79 putative enhancer
regions, identified by the level of H3K27ac (see Figure S3).

(1) Screenshots of LPS-induced enhancer RNAs. chr7, chromosome 7.

(J) Average density profile of sense and antisense fastGRO reads at the transcription start
site (TSS) region of 145 LPS-induced genes.

(K) Average profile of fastGRO reads from untreated THP1 at 186 long intergenic non-
coding RNAs (lincRNAs) and screenshot of the PVT1 lincRNA in untreated THP1 as
depicted by fastGRO.

(L) Pausing index was calculated from fastGRO reads for 300 highly expressed genes and
300 LPS-induced genes, showing how fastGRO is a useful approach to study RNAPII
elongation. Highly expressed and LPS-induced genes were identified from two replicates of
CTRL and LPS using HOMER. Replicate 1 was used to generate profiles and screenshots.
Correlation between the two replicates of CTRL and LPS is reported in Figure S2. *** p-
value <.001; n.s., not significant.
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Figure 2. Profiling RNAPII Kinetics Using fastGRO
(A) Diagram of the experimental design. THP1 cells were treated with 2 uM CDK®9 inhibitor

flavopiridol for 2 h to block transcription elongation. To release transcription, cells were re-
plated in fresh media to wash out flavopiridol, with the addition of LPS to further stimulate
inflammatory genes. Samples for fastGRO analysis were collected at 0, 5, 15, and 30 min

after washout.
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(B) Average profiles of fastGRO at 473 highly expressed genes in THP1 cells (>10 kb)
reflect the transcriptional front of RNAPII moving progressively past the proximal promoter
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over the course of 30 min after release of the elongation block. Profiles were normalized to
their TSS.

(C) Screenshot of the constitutively expressed HNRNPC gene whose expression is fully
recovered 30 min after washout of flavopiridol. As a comparison, data of asynchronously
growing THP-1 cells (untreated) are provided. FP, Flavopiridol

(D) Boxplot analysis of read density at inflammatory (LPS-induced) genes. Normalized read
density of fastGRO was calculated over gene quartiles (as well as 5 kb “Pre-TSS” as a
control). Time-dependent increases of the 2nd, 3rd, and 4th quartiles indicate a wave of
transcription migrating through the gene body after flavopiridol washout. The analysis was
performed on 55 LPS-induced genes over 10 kb in length.

(E) Screenshot of the early LPS-induced LDLR gene showing the wave of transcription
during the first 30 min after LPS stimulation.
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Figure 3. fastGRO Recovers Nascent, Unprocessed, and Short-Lived Transcripts
(A) Splice junction analysis by MAJIQ shows the substantial recovery of processed RNA by

rRNA-depleted (gray) and poly(A)-enriched (dark gray) RNA-seq. fastGRO (purple) is
significantly enriched for nascent, unspliced RNA.

(B) Comparison of fastGRO to other nascent RNA techniques. An advantage of fastGRO is
the overall short processing time (2.5 days, using commercially available library prep kits).
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(C) fastGRO (purple) shows lower enrichment of spliced junctions than comparable nascent
RNA-seq techniques such as GRO-seq (blue), PRO-seq (orange), and TT-seq (green) in
THP1 cells.

(D) Average profiles of fastGRO, GRO-seq, PRO-seq, and TT-seq at 271 highly expressed
genes in THP1 cells. fastGRO shows a lower bias toward the 5" end compared to GRO-seq
and recovers more post-termination RNA compared to TT-seq.

(E) Screenshot of the CCNL1 gene comparing fastGRO, GRO-seq, PRO-seq, and TT-seq in
THP1 cells.

(F) Average profiles of fastGRO (purple), GRO-seq (blue), PRO-seq (orange), and mNET-
seq (black) at 290 highly expressed genes in HeLa cells. fastGRO shows a homogeneous
profile along the whole gene body.

(G) Screenshot of the BMP2 gene showing the comparison of fastGRO, GRO-seq, PRO-seq,
and mNET-seq tracks in HeLa cells. mNET-seq data are downscaled (right y axis).

(H) Average profile of fastGRO, GRO-seq, PRO-seq, and mNET-seq reads at 50 eRNAs in
Hel a cells. fastGRO recovers bidirectional short-lived eRNAs. mNET-seq data are
downscaled (right y axis). Comparison between techniques were performed using replicate 1
of fastGRO in THP1 and, where possible, the best replicate of experiments deposited in
GEO. In HeLa, one replicate each of CTRL and EGF fastGRO was generated and compared
to published data deposited in GEO.
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Figure 4. fastGRO ldentifies Transient RNA Downstream of the Poly(A) Signal
(A) Boxplot of termination index (TI; calculated as ratio between number of reads post-

transcription end site (TES/+3 kb) and number of reads pre-TES (=0.5 kb/TES)) at 271 most
expressed genes calculated from fastGRO (purple), GRO-seq (blue), PRO-seq (orange), and
TT-seq (green) data. fastGRO and GRO-seq have comparable TIs, while the Tls generated
from PRO-seq and TT-seq are lower (lower coverage of post-termination RNA).

(B) Average profile of reads around TES of 271 highly expressed genes calculated for
fastGRO, GRO-seq, PRO-seq, and TT-seq. fastGRO shows the highest and most
homogeneous profile pre- and post-TES compared to other techniques used to study nascent
RNA.

(C and D) Screenshots of the monocytic gene FUT4 and the constitutively active gene SFPQ
showing the high coverage of post-termination RNA retrieved by fastGRO. Comparison
between techniques were performed using replicate 1 of fastGRO in THP1 and, where
possible, the best replicate of experiments deposited in GEO.
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Figure 5. Low-Input fastGRO
(A and B) Average profiles of fastGRO reads at 200 highly expressed genes (A) and 50 EGF

genes (B) in EGF-treated HeLa cells obtained from 20 million (purple) and 5 million (black)
cells using standard protocol and biotin-HPDP and from 2.5 million (blue), 1 million
(orange), and 0.5 million (green) cells obtained with the fastGRO-LI protocol and biotin-
MTS, indicating that fastGRO can be performed with low numbers of cells.

(C) Pie charts indicate the percentage of genes with FPKM (fragments per kilobase of exon
per million fragments mapped) > 0 in fastGRO obtained with 20 million EGF-induced HelLa
cells that have FPKM > 0 in fastGRO obtained from 2.5 million (89%), 1 million (90%), and
0.5 million (80%) EGF-induced HelLa cells.

(D) Screenshot of DDIT4 gene showing fastGRO tracks obtained using either standard
protocol (20 million cells) or fastGRO-LI protocol (2.5, 1, and 0.5 million cells).

(E) Average profiles of fastGRO reads at 305 expressed genes in iPSC-derived neural
progenitor cells (NPCs) were obtained from 20 million cells (purple) using standard protocol
and biotin-HPDP. Profiles of 5 million cells (black) and 1 million cells (orange) were
obtained with the fastGRO-LI protocol and biotin-MTS, showing that fastGRO can be
performed with low numbers of primary-like cells.
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(F) Screenshots of fastGRO tracks for two genes, HES6 (neural specific) and HNRNPH1
(ubiquitously expressed), in NPCs. Scale-down experiments were obtained with 2 replicates
of NPC experiments using 1 million and 5 million cells and 1 replicate for all other samples.
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Figure 6. Overview of fastGRO
On day 1, nuclei are isolated, and /n vitro run-on is performed in a solution containing 4-

thio-UTP that is incorporated in nascent RNA. After isolation using TRIzol and ethanol
precipitation, RNA is fragmented and snap-frozen. On day 2, 4-thio-UTP-containing RNA is
biotinylated using either biotin-HPDP (standard protocol) or biotin-MTS (fastGRO-LI
protocol for low-input sample) and recovered by IP using streptavidin-conjugated beads.
Labeled RNA is recovered by elution in dithiothreitol (DTT) solution, purified, and used for
NGS library preparation with commercially available kits. NG, next generation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

PSC Neural Induction Medium GIBCO Cat#A1647801
Advanced DMEM/F-12 GIBCO Cat#12634
Neurobasal Medium GIBCO Cat#21103049
ROCK Inhibitor Y27632 Sigma-Aldrich Cat#Y0503
Geltrex GIBCO Cat#A1413302
Flavopiridol hydrochloride hydrate Sigma-Aldrich Cat#F3055
Lipopolysaccharide (LPS) Solution Invitrogen Cat#00-4976-03
EGF Recombinant Human Protein (rEGF) GIBCO Cat#PHG0314
Superase-in RNase Inhibitor Invitrogen Cat#AM2694

4-Thiouridine-5"-Triphosphate

Trilink Bio Technologies

Cat#N-1025-1

TRIzol LS reagent Invitrogen Cat#10296010
EZ-link HPDP Biotin Thermo Scientific Cat#A35390
M280 Streptavidin Dynabeads Invitrogen Cat#11205D
MTSEA-biotin-XX Biotium Cat#90066
TURBO DNase Invitrogen Cat#AM1907
iQ SYBR Green Supermix BioRAD Cat#1708880
Oligo(dT) Dynabeads Invitrogen Cat#61002
Critical Commercial Assays

Qubit RNA HS Assay Kit Invitrogen Cat#Q32852
Agilent 2200 TapeStation High Sensitivity RNA Agilent Cat#5067
ScreenTapes

RNA Clean and Purification kit Zymo Cat# R1015
NEBNext Ultra Il Directional RNA Library Prep kit New England Biolabs Cat# E7760S
NItE%Next Multiplex Oligos for Illumina (Index Primers New England Biolabs Cat#E7335S
se

NItE%Next Multiplex Oligos for Illumina (Index Primers New England Biolabs Cat#E7500S
se

Direct-zol RNA MiniPrep kit Zymo Cat#R2050
Revertaid first strand cDNA synthesis kit Thermo Scientific Cat#K1622
KAPA RNA HyperPrep Kit Roche Cat#08098093702
SENSE mRNA-Seq Library Prep Kit V2 Lexogen Cat#001
Deposited Data

fastGRO and RNaseq Data This Paper GEO: GSE143844

THP1 GRO-seq

Bouvy-Liivrand et al., 2017

GEO: GSM2428733

THP1 PRO-seq

Phanstiel et al., 2017

GEO: GSM2544240

THP1 TT-seq

Godfrey et al., 2019

GEO: GSM3681467

THP1 H3K27ac ChlP-seq

Godfrey et al., 2019

GEO: GSM3681459 and GSM3681461

HelLa GRO-seq

Bouvy-Liivrand et al., 2017

GEO: GSM2428725
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Hela PRO-seq

Nilson et al., 2017

GEO: GSM2692352

HeLa mNET-seq

Schlackow et al., 2017

GEO: GSM2357382

HelLa long-read mNET-seq

Nojima et al., 2018

GEO: GSM2856679

Experimental Models: Cell Lines

Human: THP1 Cells

ATCC

Cat# TIB-202

Human: HeLa Cells

ATCC

Cat# CCL-2

Neuronal Progenitor Cells

CHOP Human Pluripotent Stem Cell

https://www.research.chop.edu/human-

Core pluripotent-stem-cell-core
Drosophila: S2 cells Capelson Lab N/A
Drosophila: S9 cells Capelson Lab N/A
Oligonucleotides
Primers (see Table S2) This Paper N/A

Software and Algorithms

seqMINER v1.3.3

Zhan and Liu, 2015

https://github.com/zhanxw/segminer

ggplot2

Villanueva and Chen, 2019

https://ggplot2.tidyverse.org/

STAR V2.5

Dobin et al., 2013

https://github.com/alexdobin/STAR

Samtools v0.1.19

Li et al., 2009

http://samtools.sourceforge.net/

deeptools 3.3.1

Ramirez et al., 2016

https://deeptools.readthedocs.io/en/
develop/

HOMER v4.11 Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

MAJIQ Vaquero-Garcia et al., 2016 https://majig.biociphers.org/

BWA tool Li, 2013, Li and Durbin, 2010 http://bio-bwa.sourceforge.net/
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