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Promoter-proximal RNA Pol II pausing is a critical step in transcriptional control. Pol II pausing has been pre-
dominantly studied in tissue culture systems. While Pol II pausing has been shown to be required for mammalian
development, the phenotypic and mechanistic details of this requirement are unknown. Here, we found that loss of
Pol II pausing stalls pluripotent state transitions within the epiblast of the early mouse embryo. Using Nelfb™~ mice
and a NELFB degron mouse pluripotent stem cell model, we show that embryonic stem cells (ESCs) representing the
naive state of pluripotency successfully initiate a transition program but fail to balance levels of induced and re-
pressed genes and enhancers in the absence of NELF. We found an increase in chromatin-associated NELF during
transition from the naive to later pluripotent states. Overall, our work defines the acute and long-term molecular
consequences of NELF loss and reveals a role for Pol II pausing in the pluripotency continuum as a modulator of cell

state transitions.
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Transcriptional regulation is a hallmark of cell fate speci-
fication (Johnston and Desplan 2010; Cramer 2019). Up-
stream cell-extrinsic inputs, such as growth factor
signaling, mediate cell-intrinsic responses that converge
on the transcriptional machinery to regulate recruitment
of RNA polymerase II (Pol II) at specific gene targets, and
thereby gene expression (Adelman and Lis 2012; Pope and
Medzhitov 2018; Core and Adelman 2019). Pol I promot-
er-proximal pausing (Pol II pausing) has been identified as
a key rate-limiting step of transcription in metazoans
(Shao and Zeitlinger 2017; Core and Adelman 2019). Pol
II pausing represents a brief halt of transcription 30-60
nt downstream from the transcription start site (TSS).
This pause is regulated by two protein complexes, the
DRB sensitivity-inducing factor (DSIF) and the negative
elongation factor (NELF), which is composed of four es-
sential proteins: NELFA, NELFB, NELFC/D, and NELFE
(Yamaguchi et al. 1999; Chen et al. 2018). Release of

Corresponding author: hadj@mskcc.org
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.349565.122.

paused Pol II is achieved by phosphorylation of NELF,
DSIF, and Pol I by CDK9 (Adelman and Lis 2012). These
phosphorylation events result in the dissociation of NELF
and progression of DSIF and Pol II into productive
elongation.

The functional role of Pol II pausing has been studied in
a variety of contexts, predominantly in vitro. Genomic
and structural studies have revealed that paused Pol II
sterically hinders new initiation events and demonstrated
that NELF occupies a large interaction surface with Pol II
that is substituted for elongation factors, such as the PAF
complex, upon pause release (Shao and Zeitlinger 2017;
Vos et al. 2018a,b; Gressel et al. 2019). Kinetically, the
stability of the paused polymerase, estimated at a time
scale of minutes, highlights the importance of regulating
this step (Krebs et al. 2017; Shao and Zeitlinger 2017;
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Steurer et al. 2018; Gressel et al. 2019). Several transcrip-
tion factors and signaling components can act specifically
on the pause release step to regulate gene expression (Gil-
christ et al. 2012; Danko et al. 2013; Henriques et al. 2013;
Liu et al. 2015; Williams et al. 2015; Yu et al. 2020). These
include the heat shock response, glucocorticoid, TGF-,
and ERK signaling pathways. Attempts to perturb pausing
have been achieved primarily via loss-of-function studies
of NELF proteins, which play an exclusive role in Pol II
pausing but not elongation (Chen et al. 2018). These stud-
ies have revealed that NELF is required for early develop-
ment in Drosophila, zebrafish, and mice (Amleh et al.
2009; Wang et al. 2010; Yang et al. 2016; Abuhashem
et al. 2022a). Despite several studies revealing broad re-
quirements of NELF during embryonic development and
a variety of tissue-specific contexts in mice, the underly-
ing molecular mechanisms remain largely unknown
(Pan et al. 2014; Williams et al. 2015; Hewitt et al. 2019;
Robinson et al. 2021).

Development represents a dynamic period of gene regu-
lation in which cells must constantly change their gene
expression patterns as they adopt new states (Johnston
and Desplan 2010). Consistent with this notion, NELF
knockout mice exhibit embryonic lethality at peri-im-
plantation (Amleh et al. 2009; Williams et al. 2015). Given
the advantage of mouse embryonic stem cells (mESCs),
the in vitro counterpart of the pluripotent epiblast of the
embryo, to model key aspects of mouse early embryo de-
velopment, NELF knockout and knockdown studies in
mESCs revealed that Pol II pausing is essential for cellular
differentiation (Amleh et al. 2009; Williams et al. 2015).
However, interpretation of results from these studies
has been complicated due to potential secondary effects
resulting from long-term NELF knockout and compound-
ing proliferation defects (Williams et al. 2015). Additional-
ly, the cellular and molecular details of the developmental
arrest of embryos remain unclear.

In this study, we performed a comprehensive character-
ization of the role of NELF in early mouse development,
with a focus on pluripotent cell state transitions. We
used a Nelfb knockout mouse model to show that
Nelfb~/~ embryos exhibit normal preimplantation devel-
opment; they were recovered at Mendelian ratios with
cell lineage specification comparable with wild-type
stage-matched embryos. We show that postimplantation
lineages are properly assigned and positioned, except for
the posterior epiblast, and that mutant embryos fail pre-
gastrulation at around embryonic day (E)5.75. The epiblast
lineage is specified during the blastocyst stage, at approxi-
mately E3.5, and transitions from a naive state in the
blastocyst to a primed state prior to gastrulation at approx-
imately E6.5 in a step-wise manner (Morgani et al. 2017).
To further investigate the molecular basis of the defect ob-
served in embryos lacking NELFB, we took advantage of
mESCs as a paradigm for modeling pluripotency transi-
tions from the naive to the subsequent formative and
primed states (Hayashi et al. 2011). To allow efficient, rap-
id, and reversible depletion of NELFB protein, we designed
mESCs harboring homozygous knock-in Nelfb degron al-
leles using the dTAG system (Nabet et al. 2018). This mod-
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el recapitulated in vitro the defects of pluripotency
transitions and priming observed in vivo in Nelfb™~ em-
bryos and highlighted a requirement for NELFB during plu-
ripotency transitions.

To gain mechanistic insights into the defects observed
within the epiblast layer of the embryo, we used the
mESC model and coupled chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq) and nascent tran-
scriptomic analyses (PRO-seq) to show widespread
binding of NELF at both promoters and enhancers, in sup-
port of previous studies of NELF binding in other contexts
(Core et al. 2012; Henriques et al. 2018). Our NELFB
degron cells enabled acute degradation of the NELF com-
plex in mESCs, which resulted in global loss of Pol IT paus-
ing at both gene promoters and enhancers within 30 min.
Degrading NELF transiently in the context of pluripo-
tency transitions from naive to the formative state caused
a hyperinduction of genes associated with the formative
state accompanied by hypersilencing of genes down-regu-
lated as cells exited the naive state. This observation is in
agreement with recent studies suggesting that the absence
of NELF predominantly perturbs state transitions, rather
than steady-state cellular functions, in a variety of biolog-
ical contexts (Hewitt et al. 2019; Yu et al. 2020; Robinson
et al. 2021). Accordingly, we observed increased recruit-
ment of NELF to chromatin during pluripotent state tran-
sitions. These data lead us to propose a model in which Pol
I pausing facilitates transitions between pluripotent
states by attenuating and buffering the expression of genes
associated with cell identity, thereby enabling coordinat-
ed transitioning between successive cell states.

Results

Nelfb~/~ embryos display defects in pluripotent epiblast
state transitions

Nelfb~~ mouse embryos exhibit embryonic lethality at
postimplantation stages (Amleh et al. 2009). To further
characterize the defects observed in Nelfb~/~ embryos,
we used a mouse model that harbors a deletion of the first
four exons of Nelfb, resulting in a protein-null allele (Sup-
plemental Fig. S1A; Williams et al. 2015). Since previous
reports suggested that blastocyst stage Nelfb~'~ embryos
might exhibit defects in cell fate specification, we initiated
our analysis at preimplantation stages of embryonic devel-
opment (Amleh et al. 2009; Williams et al. 2015). We col-
lected early (E3.25) to late (E4.5) stage blastocysts and
immunostained them for lineage-specific markers
NANOG, GATAG6, and CDX2 to identify the pluripotent
epiblast (Epi), primitive endoderm (PrE), and trophecto-
derm (TE) cell lineages, respectively. Embryos were geno-
typed retrospectively after imaging (Supplemental Fig.
S1B). Nelfb~'~ blastocysts were morphologically indistin-
guishable from heterozygous and wild-type littermates
and displayed the correct spatial distribution of their three
cell lineages (Fig. 1A). To assess the developmental pro-
gression of blastocysts, we staged embryos based on their
total cell number as an accurate metric of stage and as-
signed a lineage identity to each cell based on its relative
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Figure 1. Nelfb~/~ embryos display defects in pluripotent epiblast state transitions. (A) Immunofluorescence of E4.5 blastocysts labeling
epiblast (NANOG), primitive endoderm (GATAG), and trophectoderm (CDX2). Several Z slices are shown in maximum intensity projec-
tion (MIP) to show the ICM. Scale bar, 15 pm. (B) Stacked bar plot representing the percentage of each lineage in blastocysts sorted by stage,
total cell number per blastocyst, and genotype. (C) Stacked bar plot representing percentage of each Nelfb genotype at different postim-
plantation stages. (D) Maximum intensity projection (MIP) of embryos dissected at stages between E5.5 and E6.75 at 0.25-d increments.
Nuclei are shown to reflect whole embryo. Nuclei were labeled with Hoechst. Scale bar, 100 ym. (E) Immunofluorescence of E5.75 em-
bryos of select pluripotency markers. The bordered region highlights the epiblast cup. The vertical line means separate embryos. Single Z
slices are shown. Scale bar, 50 pym. (F) Immunofluorescence of E6.75 embryos of select pluripotency markers. Nuclei were labeled with
Hoechst. Single Z slices are shown. Scale bar, 100 pm. (G) Normalized immunofluorescence intensity per epiblast nucleus for pluripo-
tency markers. Single dots are single nuclei. Quantifications show four embryos per group. Statistical testing using t-test was performed

on embryo averages. Error bars show standard deviation. P <0.05 was used to determine significance.

expression of lineage-specific markers (Lou et al. 2014,
Saiz et al. 2016a,b). Nelfb~~ embryos did not exhibit a
defect in total cell number; ratio of TE, Epi, or PrE; or the
gradual assignment of inner cell mass cells (NANOG/
GATAG double positive [DP]) to epiblast and primitive en-
doderm fates (Fig. 1B; Supplemental Fig. S1C,D). More-
over, we found that Nelfb~'~ embryos could be recovered
at Mendelian ratios up until postimplantation, but they
did show significant defects by E7.5 (Fig. 1C; Supplemental
Fig. S1E; Amleh et al. 2009). Thus, our analysis of preim-
plantation stage mutant mouse embryos suggests that
Nelfb is dispensable for cell lineage specification, survival,
and embryo implantation.

To determine when embryonic development became
dysregulated in Nelfb™'~ mutants, we collected postim-
plantation stage embryos just prior to and soon after the
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onset of gastrulation (E5.5-E6.75). By E6.75, when gastru-
lation had just initiated, Nelfb™~ embryos were smaller
than their wild-type or heterozygous littermates (Fig.
1D). Prior to this stage at E5.75, Nelfb~/~ embryos did
not display defects in size or cell proliferation, as assayed
by measuring the epiblast section area and staining for
phosphorylated H3, respectively (Supplemental Fig. S1F,
G). To determine whether specification of cell fates was af-
fected, we analyzed the expression and distribution of lin-
eage-specific transcription factors for epiblast (SOX2),
visceral endoderm (GATAG6), and extraembryonic ecto-
derm (CDX2). All three lineages were present in mutant
embryos, with cells organized in the expected spatial ar-
rangement (Supplemental Fig. S1H,I). We next crossed
Nelfb*'~ mice to the Afp-GFP™¢ pan-visceral endoderm
and Hex-tdTomato™® anterior visceral endoderm reporters
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(Kwon et al. 2006; Wu et al. 2017). Visualization of these
lineage-specific reporters revealed that Nelfb™'~ embryos
possessed a visceral endoderm layer and had successfully
specified the distal/anterior visceral endoderm population
and that this was able to migrate anteriorly (Supplemental
Fig. S11,]). These results suggest that at E5.75, when the an-
terior visceral endoderm has completed its migration and
prior to the onset of gastrulation, Nelfb™'~ embryos are
indistinguishable from their wild-type and heterozygous
littermates by morphology, lineage-specific marker ex-
pression, and localization.

Given previous reports suggesting that Nelfb ™'~ mESCs,
the in vitro counterpart of the epiblast of the embryo, ex-
hibit defects in differentiation, we sought to examine the
epiblast population further. Pluripotent epiblast cells are
specified in the mid to late blastocyst and subsequently
progress through a series of distinct pluripotent states be-
fore they exit pluripotency and differentiate at gastrulation
(Morgani et al. 2017). Distinct stages in the pluripotency
continuum include the early naive state (E4.5, NANOG"),
the subsequent formative state (E5.5, NANOG™ and
OTX2"), and the later posterior primed state (posterior epi-
blast at E5.75-E6.5, NANOG*OTX2"). At E5.75, we found
that cells of the epiblast of Nelfb™'~ embryos successfully
induced expression of the formative state markers OTX2
and OCT6 (Fig. 1E). However, mutant embryos lacked a
weak NANOG" population representing the posterior
primed state. By E6.75, the posterior primed population
expressed NANOG robustly and surrounded the primitive
streak in heterozygous and wild-type embryos but re-
mained largely absent in Nelfb™'~ embryos despite expres-
sion of comparable levels of the pan-pluripotency marker
OCT4 (Fig. 1F,G). Subsequently, mutant embryos failed
to induce a T* primitive streak marking the site of gastru-
lation at E6.75 (Supplemental Fig. S1K). These results
show that Nelfb~/~ embryos exhibit defects at early post-
implantation, after the AVE has migrated but before the
onset of gastrulation (at approximately E5.75), where cells
of the posterior epiblast are unable to attain a posterior
primed state and progress to gastrulation.

NELFB-depleted mESCs recapitulate defects in
pluripotent state transitions observed in the embryo

To further characterize the pluripotency transition defects
observed in vivo in mutant embryos, we sought to develop
an in vitro model of NELFB loss in mESCs. Naive mESCs
can be cultured under defined conditions in the presence
of FGF and ACTIVIN to model pluripotency transitions
to the subsequent formative and primed states (Hayashi
etal. 2011; Morgani et al. 2017). We failed to derive mESCs
from Nelfb~/~ embryos, consistent with previous reports
(Williams et al. 2015). Although previous studies of NELFB
in cell culture models used either knockdown or condi-
tional knockout systems, these methods require days to
achieve successful depletion or deletion, resulting in an in-
ability to discern primary versus secondary effects of NELF
loss (Wu et al. 2020). We therefore took advantage of the
dTAG protein degron system (Nabet et al. 2018). By fusing
aprotein of interest to a FKBP12F3¢V tag, the target protein
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can be acutely degraded using a heterobifunctional small
molecule, such as dTAG-13, that targets FKBP125¢V for
proteasomal degradation (Fig. 2A).

We generated a Nelfb-FKBP1273%V.2xHA homozygous
knock-in mESC line (referred to here as Nelfb®®¢) using
CRISPR editing with homology-directed repair (HDR)
(Supplemental Fig. S2A,B,E; Ran et al. 2013). We noted
that our system is capable of degrading NELFB to undetect-
able levels within 30 min following the addition of the
degradation-inducing small molecule dTAG-13 (Fig. 2B;
Supplemental Fig. S2C). Upon dTAG-13 washing, NELFB
levels recovered significantly within 3-5 h, demonstrating
the reversibility of the system (Supplemental Fig. S2D).
Notably, NELFB degradation did not affect the levels of
other proteins associated with transcription machinery,
such as SPT5 and Pol I S2P (Fig. 2C). However, NELFE lev-
els were markedly reduced 24 h after inducing degradation,
as expected given the interdependence between the NELF
complex proteins NELFA, NELFB, NELFC/D, and NELFE
(Fig. 2C; Narita et al. 2007). Thus, degrading one protein
within the complex would lead to the dissolution of the en-
tire NELF complex. The mESCs did not display any toxic-
ity to the edited allele or to dTAG-13 treatment in the
absence of the edited allele, as assayed by their morpholo-
gy and proliferation capacity (Supplemental Fig. S2F). Con-
tinuous degradation of NELFB resulted in reduced
proliferation after 3-4 d and did not affect the expression
of pluripotency markers, as previously reported (Fig. 2D;
Supplemental Fig. S2G; Amleh et al. 2009; Williams
et al. 2015). These data demonstrate that when applied in
mESCs, the NELFB degron system achieves specific, rapid-
ly inducible, and reversible protein depletion.

To assess whether NELFB depletion can affect transi-
tions between pluripotent states in vitro, we used a proto-
col for directing mESCs, representing the naive state of
pluripotency, into epiblast-like cells (EpiLC), representing
a subsequent formative/primed pluripotent state (Hayashi
etal.2011). Naive mESCs were maintained in naive condi-
tions—basal medium with 2i (MEK and GSK-3p inhibi-
tors) + LIF—and transferred to basal medium with FGF2 +
ACTIVIN for 48-72 h to induce pluripotency transitions
(Fig. 2E). By 48 h, cells had down-regulated KLF4 and
NANOG, two markers associated with the naive state of
pluripotency, and activated expression of the formative
pluripotency markers OTX2 and OCT6 (Fig. 2F). At 72 h,
cells maintained expression of formative markers while
up-regulating NANOG, consistent with their transition
to a posterior-like primed pluripotent state (Fig. 2F).
Degron-induced NELFB depletion from O to 72 h did not af-
fect the onset of expression of formative markers and re-
sulted in a marked loss of NANOG at 48 h, but without
subsequent up-regulation at 72 h (Fig. 2F; Supplemental
Fig. S2H). Given that continuous degradation of NELFB
from 0 to 72 h resulted in reduced cell proliferation, we de-
graded NELFB for only a 24-h window, at 48-72 h after ini-
tiation of FGF2+ ACTIVIN exposure (representing the
posterior priming phase). Under these conditions, we
found that at 72 h cells recapitulated the failure in
NANOG reactivation, but without affecting cell prolifera-
tion (Fig. 2F-H). These data demonstrate that we generated
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Figure 2. NELFB-depleted mESCs recapitulate defects in pluripotent state transitions observed in the embryo. (A) Schematic of the
dTAG targeted protein degradation system. (B) Western blot of NELFB degradation efficiency and dynamics following 500 nM dTAG-
13 treatment. Input refers to relative amount of protein loaded to the gel. (C) Western blot of transcription-associated proteins following
NELFB degradation for varying time periods. (D) Proliferation assay of Nelfb?¢ mESCs in the presence and absence of 500 nM dTAG-13.
Cells were counted and passaged every 2 d. (E) Schematic of the pluripotency transition protocol in vitro. The schematic shows corre-
sponding in vivo stages and marker expression. (F) Immunofluorescence of Nelfb%¢ mESCs following pluripotency transitions with
and without dTAG-13 at 48 and 72 h. The time interval in parentheses in the treatment panels refers to the time of adding dTAG-13. Scale
bar, 50 um. (G) Quantification of immunofluorescence data in F. The quantification was performed automatically using MINS (see the
Materials and Methods). Mean and standard deviation are shown. Statistical testing was performed using a t-test. (H) Normalized RT-
qPCR of select factors from the experiment in F. The +dTAG-13 marks the addition of dTAG-13 between hours 48 and 72 of pluripotency
transitions. Data were normalized to Actb levels. Statistical testing using t-test was performed on embryo averages. Error bars show stan-
dard deviation. P <0.05 was used to determine significance. (I, top) Schematic of the experiment showing different times of adding dTAG-
13 for 1 h followed by washing. Each time point represents one condition. Cells were collected for RT-qPCR at hours 48 and 72 of tran-
sitions. (Middle) Heat map of normalized RT-qPCR expression relative to control. Naive factors are shown. (Bottom) Heat map of normal-
ized RT-qPCR expression relative to control. Formative factors are shown.
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a system that faithfully recapitulates our in vivo findings
in embryos in vitro in a pluripotent stem cell model,
with a fine temporal control that can uncouple acute
from secondary effects resulting from NELFB loss. Further-
more, these data define a 24-h window of time when
NELFB isrequired within the epiblast and reveal that acute
loss of NELFB specifically affects epiblast cells as they
transition between OTX2*OCT6"NANOG™ and subse-
quent OTX2*OCT6"'NANOG" states.

To further define the temporal requirement of NELFB
during this process, we took advantage of the reversibility
of our protein degradation system. mESCs were cultured
in the presence of FGF2 + ACTIVIN to transition them
from naive to formative pluripotent states over a 72 h pe-
riod of time. During this transition, we performed 1 h of
NELFB degradation at 0, 8, 16, 24, 32, 40 h (for example,
treating with dTAG-13 between —1 and 0 h, 7 and 8 h,
and so forth). Samples were collected for RT-qPCR analy-
sis at 48 and 72 h (the end point of the experiment).
We found that treatments at 16, 24, and 32 h reproduced
the effect on Nanog expression at both the 48- and 72-h
time points, whereas no change was observed when degra-
dation was performed at 0 h, immediately before initiating
the transition (Fig. 2I; Supplemental Fig. S2I). Concomi-
tantly, certain formative markers, including Fgf5 and
Pou3f1 (encoding OCT6 protein), were further up-regulat-
ed at the same time points, with little to no change ob-
served in the level of expression of the pan-pluripotency
marker Poubf1 (encoding OCT4 protein) (Fig. 2I; Supple-
mental Fig. S2I). Notably, Nanog expression was not re-
duced when cells maintained in the naive state were
treated with dTAG-13 for 72 h, in agreement with previ-
ous studies (Supplemental Fig. S2J; Amleh et al. 2009; Wil-
liams et al. 2015). These results suggest that NELFB and
Pol I pausing are required for fine-tuning of gene regulato-
ry networks when cells transition between successive plu-
ripotent states, rather than during steady states of
pluripotency, but are dispensable for the induction of for-
mative state transition upon FGF2 + ACTIVIN treatment.
Indeed, pretreating naive cells with dTAG-13 for 30 min
followed by addition of FGF+ ACTIVIN for 30 min did
not negatively affect the induction of immediate FGF tar-
gets, such as Fos and Dusp1 (Supplemental Fig. S2K).

NELF marks active promoters and enhancers in mESCs

Toinvestigate the function of pausing during pluripotency
transitions, we first determined the chromatin occupancy
of the NELF complex. We performed ChIP-seq of NELFB,
NELFE, and SPT5 in Nelfb9¢ mESCs maintained in se-
rum/LIF conditions. NELFB and NELFE are essential com-
ponents of the NELF complex, along with NELFA and
NELFCD, and are expected to be present solely at Pol II
pausing sites, while SPT5 plays an important role in Pol
Il pausing as well as productive elongation upon phosphor-
ylation by CDK9, making it detectable at both pausing and
productive elongation regions (Chen et al. 2018). NELFB,
NELFE, and SPT5 showed correlated signals at transcrip-
tion start sites (TSSs) of protein-coding genes (Fig. 3A; Sup-
plemental Fig. S3A,G). NELFB and NELFE peaks (Padj<
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0.05) highly overlapped, suggesting that our NELFB degron
protein fusion maintained its normal chromatin binding
capacity (Supplemental Fig. S3B). Annotation of NELFE
and NELFB peaks revealed that a subset of called peaks
(~25%) did not correspond to gene TSSs, but instead
mapped to intronic and intergenic regions (Supplemental
Fig. S3E). We hypothesized that active, transcribed en-
hancers may show NELF binding in mESCs and that these
likely represented the ~25% of peaks not associated with
gene promoters. Indeed, a large proportion of these peaks
mapped to known mESC enhancers and also correlated
with SPT5 occupancy (Fig. 3D-F; Supplemental Fig. S3F;
Whyte et al. 2013). Notably, nearly all annotated superen-
hancers contained NELF peaks (Fig. 3E). Since superen-
hancers generally have higher levels of transcription
than typical enhancers, we suspect that NELF peaks corre-
late with levels of transcription at enhancers (Henriques
et al. 2018). These data are in agreement with reports sug-
gesting that Pol II pausing is widespread at enhancers and
suggest that, as with gene TSSs, NELF is a component of
the pausing complex at enhancers in mammalian cells
(Core etal. 2012; Henriques et al. 2018). Notably, the iden-
tification of NELF at enhancers, as well as promoters, in
our system reveals a potential role for Pol II pausing/tran-
scription in enhancer regulation during pluripotent state
transitions.

NELFB degradation results in acute clearance
of the complex from chromatin

To test the immediate effect of degrading NELFB on the
NELF complex and SPT5, we performed ChIP-seq in
matched samples after 30 min of mESC culture in the pres-
ence of dTAG-13. As expected, NELFB peaks were abol-
ished within 30 min (Fig. 3B,C; Supplemental Fig. S3A,
D). Consistent with the interdependence of individual
NELF complex subunits, NELFE peaks were similarly
abolished (Fig. 3B,C; Supplemental Fig. S3A,D). Spike-in-
normalized SPT5 peaks around TSSs showed a global re-
duction of ~25% (Fig. 3B,C; Supplemental Fig. S3A). The
reduced SPT5 signal suggests that acute disruption of the
NELF complex perturbs Pol Il pausing but does not abolish
transcription entirely. Overall, these results show that
Nelfb¥°¢ mESCs can rapidly and specifically remove the
NELF complex from chromatin with dTAG treatment
and degradation of NELFB and thus can be used to study
the consequences of an acute loss of Pol Il pausing. Our re-
sults are consistent with recent experiments degrading
NELFC/D in a human DLD-1 cell line (Aoi et al. 2020).

NELFB stabilizes Pol II pausing and transcription
at promoters and enhancers

Our observations prompted us to study changes in nascent
transcription globally upon NELFB depletion in Nelfb9®
mESCs. To assess nascent transcription, we used precision
run-on sequencing (PRO-seq) (Kwak et al. 2013; Mahat
et al. 2016). PRO-seq identifies the position of transcrip-
tionally engaged RNA polymerases at approximately sin-
gle-base resolution and allows an assessment of
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Figure 3. NELF displays widespread binding at promoters and enhancers, and Nelfb?% enables acute clearance of the NELF complex
from chromatin. (A) Heat map of NELFB, NELFE, and SPT5 ChIP-seq signal at active protein-coding genes’ promoters in mESCs. Active
promoters were designated as TSSs that contain an SPT5 peak (Q-value < 0.05). (B) Metaplot of ChIP-seq signals at promoters defined in A
with and without 30 min of dTAG-13. (C) Genome browser shot of a representative region for metaplots in B. (D) Heat map of NELFB,
NELFE, and SPT5 ChIP-seq signal at mESC-specific enhancers (Whyte et al. 2013). Enhancers with NELF peaks (Q-value < 0.05) are shown.
(E) The ratio of enhancers and superenhancers that contain NELF peaks. (F) Genome browser shot of a representative enhancer region

showing NELF peaks.

transcription at TSSs, gene bodies, and regulatory elements,
including enhancers (Wissink et al. 2019). We were particu-
larly interested in identifying the immediate, direct effects
of NELFB loss on transcription. To do so, we treated mESCs
in serum/LIF with dTAG-13 for 30 and 60 min and then col-
lected nuclei for analysis (Fig. 4A). We analyzed two to three
replicates per condition and used a spike-in to normalize for
general transcriptional changes. Replicates showed good
correlation (Supplemental Table S1). Metagene plots re-
vealed a loss of signal at TSSs and gene bodies at both the
30- and 60-min time points (Fig. 4B).

To investigate these changes further, we focused on
TSSs. We used published mESC START-seq data to
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define the exact positions of TSSs at both gene promoters
and regulatory elements (Henriques et al. 2018). TSS
metaprofiles revealed the expected Pol II pause peak
30-50 bases downstream from the TSS (Fig. 4C). This
peak was significantly and globally reduced when NELFB
was depleted (Fig. 4C,D). Importantly, we identified a
drop in PRO-seq signal on gene bodies that extended
from the TSSs and corresponded with each treatment
time and an elongating Pol II speed of ~1-2 kb/min—a
drop across the first ~40 kb of gene bodies in the 30-
min treatment group (Fig. 4E; Supplemental Fig. S4A,
C). This phenomenon, previously termed clearing waves,
is a result of having elongating polymerases that escape
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Figure 4. NELF stabilizes Pol II pausing and transcription at promoters and enhancers. (A) Schematic of treatments of 30 and 60 min
before PRO-seq analysis (top), and regions of each defined DNA element in the following analysis (bottom). (B) Metaplot of scaled pro-
tein-coding genes’ PRO-seq signal relative to TSSs and TESs. (C) Metaplot of PRO-seq signal at TSSs. The highlighted region marks
the proximal-pausing region. Statistical testing was performed using Wilcoxon and paired t-tests with similar results. (D) Genome browser
shot of TSS regions of example pluripotency genes. The highlighted region marks the proximal-pausing region. (E) Metaplot of PRO-seq
signal at genes >200 kb. (F) Log, fold change of PRO-seq signal at TSSs calculated using DEseq2. (G) Bar plot showing the percentage of up,
down, and unchanged loci in F. Padj of 0.05 was used as a cutoff. (H) Log, fold change of PRO-seq signal at gene bodies calculated using
DEseq?2. (I) Bar plot showing the percentage of up, down, and unchanged loci in H. Padj of 0.05 was used as a cutoff. (J) Violin plot of TSS
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inside each violin plot. Statistical testing was performed using Wilcoxon and paired t-tests with similar results. (K) Genome browser shot
of an example enhancer signal across treatments.

the TSS region prior to dTAG-13 treatment. The pres-
ence of clearing waves points to the negative effect of
NELFB degradation on transcription, which primarily
terminates Pol II around the TSS such that a drop could
be seen along gene bodies corresponding to length of
treatment. These results suggest that NELF acts on poly-
merases close to the TSS to enable their efficient transi-
tion from pausing to productive elongation. Our findings
place NELF as a positive effector required for transcrip-

tion to proceed effectively and highlight the power and
specificity of our degron system.

To determine signal changes at each locus in a pair-wise
manner, we assessed differential expression at all active
TSSs in mESCs and gene bodies using DESeq2 (Love
et al. 2014). In agreement with our previous observations,
we noted a global reduction in transcription at TSSs, on
average, within 30 min (Fig. 4F-J; Supplemental Fig.
S4B,D). Notably, the reduction at 60 min was conserved
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at enhancer TSSs and gene bodies, but not at gene TSSs
(Fig. 4]). This recovery of transcription at gene TSSs
from 30 min to 60 min was not found in the canonical
Pol II pausing region (~30 bases from TSSs) but further
downstream in an apparent widespread redistribution of
the pause peak in the absence of NELF, which presumably
stabilizes the pause position to 30-50 bases from TSSs
(Fig. 4C; Aoi et al. 2020).

To define the properties of the promoters that displayed
Pol II redistribution, we selected a list of significantly re-
covering gene TSSs (404 genes; at 30 min: down, Padj<
0.05; at 60 min: up, Padj<0.05) and measured levels of
NELF and H3K4me3, which marks active promoters. Ad-
ditionally, we inferred the rates of initiation and pause re-
lease at these promoters using a recently described
statistical model (see the Materials and Methods; Siepel
2021). Of note, the initiation and release rate model has
been developed to function under steady-state conditions
without perturbation. The rates calculated are relative
and do not reflect absolute numbers of initiation or release
events, which allows for intrasample comparison only. We
found that genes exhibiting a redistribution of Pol Il consis-
tently harbored high signals for NELFB, NELFE, and
H3K4me3, suggesting that these are highly active promot-
ers with significant occurrence of pausing (Supplemental
Fig. S4EF). Measuring the initiation and pause release
rates showed that these promoters have a higher initiation
rate and a lower release rate, indicating that these genes
may have high initiation rates, whereas the rate of pause
release is rate limiting to transcriptional activation (Sup-
plemental Fig. S4G). Transient transcriptome sequencing
(TT-seq) can detect nascent transcription as well as termi-
nated transcripts, allowing for measurement of initiation
rates experimentally (Schwalb et al. 2016). Measuring
the signal of recovering genes in publicly available mESCs,
TT-seq data confirmed that these promoters are more ac-
tive in untreated mESCs, indicating higher initiation rates
(Supplemental Fig. S4H; Shao et al. 2021). Additionally,
the positive correlation between transcriptional activity,
NELF ChIP-seq signal, and pause index holds true globally
(Supplemental Fig. S4L]). Overall, we found that Pol II
pausing correlates with transcriptional activity globally
and that NELF plays a specific role in stabilizing paused po-
lymerases at a defined position 30-50 bases downstream
from TSSs, thereby enabling the efficient transition from
initiation to productive elongation.

Pol II pausing balances induced and repressed gene
regulatory networks during pluripotency transitions

Having established the validity of the Nelfb%¢ mESC mod-
el and acute molecular consequences of NELFB depletion
on Pol II pausing and transcription, we sought to analyze
the effect of depleting NELF during pluripotent state tran-
sitions. We opted to use a transient pulsed NELF degrada-
tion approach in Nelfb¥¢ mESCs. As described earlier, this
treatment regimen was able to recapitulate the state tran-
sition defects observed in embryos while minimizing sec-
ondary effects. This experimental design enabled us to
assess how a minimal perturbation of Pol II pausing during
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transitions would affect transcription in transitioning
cells. Transitioning cells were treated with dTAG-13 for
1 h between hours 23 and 24 of the transitioning protocol
in the presence of FGF2 + ACTIVIN, followed by washing
and continued culture in the presence of FGF2 + ACTIVIN
but in the absence of dTAG-13 for a total of 72 h (Fig. 5A).
This treatment resulted in acute depletion of NELFB at the
24-h time point and a recovery over the following 24 h, as
we have shown previously (Supplemental Fig. S2D). Sam-
ples were collected for PRO-seq at 24, 28, 48, and 72
h. The first two time points represent intermediate points
during the transitions, while the latter two time points
represent fully transitioned EpiLCs/formative states. Our
analysis focused on pluripotency-associated genes that
are differentially expressed and genes that maintain a com-
parative level of expression during state transitions. We
identified genes that were up-regulated, down-regulated,
and shared between the naive (0 h) and formative (48 h)
stages using DEseq2 in untreated samples (—2.5 >1og,FC
>2.5, Padj<0.05). These groups included many expected
genes that are specific to or shared between states, thereby
validating the transition of these cells (up: Otx2, Pou3f1,
Fgf5, and Fgf15; down: Klf4, KIf2, NrOb1, and Nanog;
shared: Sox2 and Pou5f1) (Fig. 5B).

To assess whether NELFB depletion during transitions
influenced the cells’ ability to initiate transitions, we gen-
erated metaplots and heat maps of naive and formative
genes at each time point with and without dTAG-13 treat-
ment (Fig. 5C; Supplemental Fig. S5A,B). The general
trend suggested that treated cells maintained expression
of the same genes as untreated cells, in agreement with
the ability of Nelfb9® mESCs to induce formative mark-
ers when cultured in dTAG-13 and Nelfb~/~ embryos
up-regulating formative epiblast markers.

To quantify these observations, we performed a pair-
wise differential expression analysis using DEseq2 and
tracked the trend of each gene group during the transi-
tion. In agreement with our previous results, we found
that the 24- and 28-h time points showed a global
decrease in transcription when compared with non-
treated time-point-matched controls (Fig. 5D). This glob-
al decrease was largely recovered by the terminal time
points at 48 and 72 h, most likely due to recovery of
NELEFB protein (Fig. 5D). To directly determine the effect
of NELFB depletion on induced (formative-specific), re-
pressed (naive-specific), and shared genes between both
states during the transition, we compared the change
in expression of these groups of genes at each time point
with and without dTAG-13. While all groups showed
initial down-regulation, state-specific groups (naive and
formative) were more severely affected (Fig. 5E; Supple-
mental Fig. S5C). By 72 h, genes shared between naive
and formative states showed minimal change, while
genes induced as cells entered the formative state
showed a stronger induction, and genes repressed in
the naive state showed stronger silencing, with several
candidate genes showing this trend (Fig. 5E,F; Supple-
mental Fig. S5F). These data offer evidence for an in-
volvement of Pol II pausing in mediating the levels of
expression of genes that are either up-regulated or
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Figure 5. NELF balances gene induction and repression during pluripotency transitions. (A, top) Schematic of experiment and analysis
time points. (Bottom) Schematic of NELFB protein levels during the experiment following transient depletion. (B, left) Log, fold change of
PRO-seq data for gene expression between 0 and 48 h, which was used to define naive genes, formative genes, and shared genes. (Right)
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ge of PRO-seq data for gene expression at each time point of the analysis using DEseq2. (E) Mean log, fold change of PRO-seq data for gene
expression at each time point of the analysis per gene group. Full data range is shown in Supplemental Figure S5C. (F) Normalized gene
expression/reads from PRO-seq data at candidate genes and their associated enhancers during the transition protocol. Other genes are

shown in Supplemental Figure S5F.

down-regulated during pluripotency tran

Supplemental Fig. S5C). In the absence of pausing, gene

activation and repression are misregulate
otent state transitions.

sitions (Fig. 5E;

d during plurip-

Previous studies have linked enhancer transcription to
target gene promoter activity (Kim et al. 2010; Hah et al.
2013). Given that NELF and Pol I pausing can occur at en-

hancers, we wanted to assess the enhancer landscape
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during pluripotent state transitions. To do so, we used two
approaches. First, we used the dREG algorithm to identify
transcriptional regulatory elements (TREs)—genomic re-
gions that have putative roles in gene regulation at the for-
mative stage (Wang et al. 2019). Overall, TREs showed
down-regulated expression in samples treated with
dTAG-13 at most time points, re-emphasizing the role of
NELF and pausing in maintaining enhancer activity (Sup-
plemental Fig. S5D). To identify specific changes at puta-
tive enhancers for genes of interest, we selected TREs
that fall within a topologically associated domain (TAD)
of a gene of interest and were marked by H3K27ac histone
modifications for active enhancers. This strategy enabled
us to identify several high-confidence putative enhancers
for genes (Supplemental Fig. S5E; see the Materials and
Methods). We applied this approach to the Nanog and
Fgf5 loci as representative genes that are repressed and in-
duced, respectively, during the transition from naive to a
formative pluripotent state. We found that Nanog and
Fgf5 enhancer activities mirrored the trend observed in
their respective gene expression (Fig. 5F). The observed
changes are consistent with the presence of Pol II pausing
at enhancers, as well as the coupling between transcrip-
tion at enhancers and associated target genes. Overall,
these results detail the effects of perturbing pausing during
pluripotency transitions at the transcriptional level,
where Pol II pausing plays an essential role in balancing
gene and enhancer induction and repression during state
transitions.

NELF recruitment to chromatin is enhanced during
pluripotency transitions

Previous studies on the function of Pol II pausing and
NELF in mESCs have suggested that Pol II pausing is not
required to maintain pluripotency (Amleh et al. 2009; Wil-
liams etal. 2015). Our results in embryos and mESCs using
controlled NELFB depletion are in agreement with these
observations and extend them by suggesting that Pol II
pausing plays a key role as cells change states. We hypoth-
esized that if this is the case, de novo recruitment of NELF
to chromatin might be observed during pluripotency tran-
sitions. To test this hypothesis, we measured NELFB lev-
els in the chromatin fraction during the transitioning
period. In support of our hypothesis, we found a significant
increase in chromatin-bound NELFB but not in whole-cell
lysates observed at 24 and 48 h of transitioning in FGF2 +
ACTIVIN (Fig. 6A,B; Supplemental Fig. S6A). The stable
expression of whole-cell NELFB matches the stable expres-
sion of all NELF complex components during pluripotency
transitions in publicly available data sets (Supplemental
Fig. S6B; Yang et al. 2019). Notably, this increase was not
observed at 4 h of transitioning, suggesting that NELFB re-
cruitment is not initiated during the acute phase of FGF2 +
ACTIVIN stimulation, but rather during the rewiring of
transcriptional networks that follows.

To extend these observations, we took advantage of
work that identified a putatively liquid-liquid phase-sep-
arated compartment (referred to as NELF bodies) as sites
of NELF-mediated transcriptional regulation (Narita
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et al. 2007; Rawat et al. 2021). To visualize NELF bodies,
we generated a clonal transgenic NELFE-EGFP fusion on
our Nelfb?¢ mESC line background (Supplemental Fig.
S6C). We speculated that tagging NELFE in Nelfb9e8
would allow us to monitor NELF bodies with and without
degradation, given that NELFE should be present but not
functional in the absence of NELFB. In dTAG-13-untreat-
ed conditions, distinct foci (approximately two to four per
nucleus) could be visualized, consistent with previous ob-
servations. However, NELFB depletion resulted in com-
plete dissolution of NELF bodies without affecting
overall fluorescence levels of NELFE-EGFP, further dem-
onstrating an interdependence between the subunits of
the NELF complex and suggesting that these bodies repre-
sent hubs of transcriptional regulation (Supplemental Fig.
S6D,E). We hypothesized that cells would display a greater
number of NELF bodies during periods of transition (for
example, when transitioning pluripotent states or chang-
ing their fate), as opposed to steady-state conditions. In-
deed, we found a significant increase in the number of
NELF bodies per nucleus upon pluripotency transition,
as well as during the differentiation of mESCs maintained
in serum-containing medium in the absence of LIF. This is
matched by a step-wise increase in chromatin fraction-lo-
calized NELFB and is stable up to 5 d after transitions (Fig.
6C,D; Supplemental Fig. S6F-H).

To expand on these findings, we performed ChIP-seq of
NELFB and NELFE at both naive and formative stages. We
found an overall higher signal at formative stages, in agree-
ment with previous results suggesting higher NELF chro-
matin binding during transitions (Fig. 6E,F). To probe
this further, we assessed binding at stage-specific and
shared genes defined previously. As expected, we found
that NELF binding was dynamic at stage-specific naive
and formative genes and higher at the respective state of
these gene groups (i.e., higher signal at formative genes
in the formative state). However, we found that after naive
pluripotency exit, NELF maintained significant binding at
naive genes such as KIf2 and NrOb1, but the opposite was
not true for formative genes such as Pou3fI and Otx2 at
the naive state (Fig. 6E-G; Supplemental Fig. S7A). Our re-
sults suggest that increased NELF recruitment to chroma-
tin occurs during pluripotency transitions at least in part
due to maintenance of NELF binding at naive genes simul-
taneously with de novo binding at formative genes, pre-
sumably to attenuate and buffer gene induction and
repression to ensure a smooth transition between sequen-
tial cell states.

Discussion

The discovery of Pol Il pausing at heat shock genes repre-
sented an additional layer of gene regulation (Rougvie and
Lis 1988). Subsequent work defined the protein complexes
involved in this step, including NELF and DSIF, as major
regulators of Pol II pausing (Wu et al. 2003; Gilchrist
et al. 2012). Further work demonstrated that Pol IT pausing
occurs globally in metazoans and that it can regulate the
transcriptional output of a variety of signaling pathways
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Figure 6. NELF is recruited to chromatin during pluripotency transitions. (A) Chromatin fraction Western blot of cells during pluripo-
tency transitions. (B) Quantification of NELFB in chromatin and whole-cell lysates during pluripotency transitions. Statistical testing was
performed using a t-test. Each time point includes two biological replicates. (C ) Imaging of NELFE-EGFP in naive, formative, and random-
ly differentiated mESCs. (Top) Schematic of the experiment. (Bottom) Images of select time points. (D) Violin plot of the number of NELF
bodies per nucleus in conditions presented in C. Statistical testing was performed using a t-test. Mean, 25th percentile, and 75th percentile
are shown inside each violin plot. (E) Heat map and metaplot of NELFB ChIP-seq signal at the promoters of select gene groups, as defined
previously. (F) Quantification of cumulative NELFB and NELFE signal across replicates at each gene group shown in E. Statistical testing
was performed using a Wilcoxon test. (G) Genome browser shots of candidate genes representing each group in E and F showing NELFB
ChIP-seq signal.
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(Nechaev et al. 2010; Danko et al. 2013; Liu et al. 2015;
Abuhashem et al. 2022a). Recent structural studies have
provided high-resolution maps of the paused Pol II com-
plex, revealing how NELF and unphosphorylated SPT5
can block elongation of Pol IT and sterically inhibit the for-
mation of new preinitiation complexes (PICs), confirming
that Pol II pausing acts as a bottleneck step in transcrip-
tion (Vos et al. 2018a,b).

Previous studies identified roles of Pol II pausing in cul-
tured cells, as well as model organisms such as Drosophila,
zebrafish, and mice. These roles revolved around modulat-
ing responses to several signaling pathways. In mice, NELF
was found to have an essential role in embryonic develop-
ment (whereby loss of function results in embryonic le-
thality) and for enabling the differentiation of mESCs in
culture via regulating FGF signaling (Amleh et al. 2009;
Williams et al. 2015). These studies relied on long-term ge-
netic knockout or siRNA approaches, which result in sec-
ondary defects that may mask primary and acute functions
of NELF. Here, we sought to understand the direct func-
tion of Pol II pausing in early mammalian development
by applying acute protein depletion to interrogate the mo-
lecular and temporal requirements of Pol Il pausing in vitro
in mouse ESCs, in parallel with studies in vivo in mutant
embryos. We identified cell state transitions within the
pluripotent epiblast tissue of the embryo—as modeled by
pluripotent stem cells in culture preceding pluripotency
exit and the onset of germ layer differentiation—as a key
process that requires Pol Il pausing to achieve smooth tran-
sitions between consecutive states and, ultimately, differ-
entiation of pluripotent cells.

The timing of the defect characterized in mouse postim-
plantation embryos is consistent with previous studies
identifying a role for Nelfb in mESC differentiation in vitro
(Amleh et al. 2009; Williams et al. 2015). However, it is no-
table that initial cell fate specification events in the blasto-
cyst and peri-implantation stages were unaffected in the
absence of NELFB. As pluripotent cells progress from their
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initial naive to a later primed state, they prepare to exit plu-
ripotency in favor of germ layer specification and differen-
tiation. Pluripotent cells therefore need to calibrate gene
expression for precise spatiotemporal control of cellular
differentiation. Our data suggest that Pol I pausing medi-
ates cell state transitions by balancing gene regulatory net-
works during transitions (Fig. 7A). This model is supported
by previous studies at the molecular and cellular levels.
Molecularly, profiling of Pol IT pausing across preimplanta-
tion mouse development has identified a reduction in Pol
II pausing following zygotic genome activation (ZGA) at
the two- to four-cell stage and continuing until the late
blastocyst stage, at which point it is re-established (Liu
etal.2020). We recently reported that NELF is required pri-
or to this reduction at ZGA to regulate the major ZGA
wave in mouse embryos (Abuhashem et al. 2022b). At
the cellular level, several studies investigating tissue-spe-
cific loss of Nelfb have revealed that functional defects are
observed when Nelfb ™'~ tissues are challenged by an exter-
nal stimulus, such as an injury or an infection, or the need
to regenerate in the context of muscle stem cells, the uter-
ine and intestinal walls, and macrophages (Hewitt et al.
2019; Yu et al. 2020; Ou et al. 2021; Robinson et al.
2021). Our model—suggesting that Pol II pausing acts to
fine-tune transcription during state transitions—explains
the defects observed in both the present and previous
studies.

Leveraging the dTAG system to acutely deplete NELFB
at specific time points allowed us to address why Pol II
pausing may be particularly important during pluripotent
state transitions and, potentially, in other contexts where
cells transition between different states. By combining the
fine temporal control of protein expression with the reso-
lution of PRO-seq data, we were able to perform an unbi-
ased assessment of the direct effects of NELFB depletion
on global transcriptional activity while bypassing the sec-
ondary effects of disrupting Pol II pausing on cell prolifer-
ation. Our data suggest that disrupting Pol II pausing as
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Figure 7. Model of Pol IT pausing function during fate transitions. (A) Schematic of Pol II pausing function at the cellular level. (B) Sche-

matic of Pol II pausing function at the molecular level.
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cells transition between successive states results in dysre-
gulation of induced and repressed genes and their enhanc-
ers. Specifically, Pol II pausing appears to limit the
induction of gene networks and delay the loss of repressed
gene networks as cells transition to new states. Superin-
duction of state-specific genes in the absence of NELF, as
observed in our data, effectively functions as an overex-
pression of state-specific genes, limiting the ability of
cells to exit their starting state and attain their subsequent
state (Fig. 7A). This conclusion is supported by the obser-
vation of increased chromatin recruitment of NELF during
pluripotency transitions. Notably, a similar loss of Pol II
pausing at the earliest stage of state transitioning, corre-
sponding to hour 0, did not result in a defect, and we con-
comitantly did not observe increased NELF chromatin
recruitment at this stage, corresponding to 0—4 h of transi-
tioning. These data suggest that Pol Il pausing is not neces-
sarily required for acute responses to the FGF2 and
NODAL cytokines used here to drive pluripotent state
transitions and, potentially, other signals. This is in line
with normal induction of early-release genes, such as
Fos, after NELFB degradation. One inherent limitation to
this analysisis that the acute degradation of NELFB during
pluripotency transitions results initially in global down-
regulation, in agreement with our acute stage experi-
ments, which could partially confound the effects we are
reporting on stage-specific genes during pluripotency
transition.

Superinduction of highly active loci in the absence of
Pol II pausing has been observed previously, and molecu-
larly may be due to Pol Il pausing acting as a rate-limiting
step at highly active loci (Henriques et al. 2018; Yu et al.
2020). Conversely, loss of minimally expressed/repressed
genes could result from increased nucleosome occupancy
in the absence of a paused Pol II (Fig. 7B; Gilchrist et al.
2010; Henriques et al. 2018). Indeed, our ChIP-seq at for-
mative states revealed an unexpected residual binding of
NELF at naive state genes that can help sustain a nucleo-
some-free zone longer. Furthermore, we could observe
both effects, up-regulation and down-regulation in the ab-
sence of NELFB, at the same locus (Nanog) depending on
its expression status in the naive or formative state, fur-
ther supporting a link between Pol II pausing role and
the level of gene expression rather than the locus itself.
Importantly, our analysis does not refute previous results
suggesting that FGF signaling is attenuated in Nelfb™/~
mESCs, but rather suggests that these defects are most
likely secondary and not limited to FGF signaling (Wil-
liams et al. 2015).

Our data suggest that NELF-enforced Pol II pausing is
widespread at promoters and enhancers. Depleting
NELF destabilizes and terminates paused transcripts.
These observations highlight a general positive effect of
NELF-enforced Pol II pausing on transcription. The pres-
ence of paused Pol IT can regulate and limit transcription
from a certain locus; however, its loss results in destabiliz-
ing this important regulatory step and not in release
of productive elongating polymerases. Furthermore, at
gene promoters that have high initiation rates, NELF cen-
ters the paused polymerase 30-50 bases downstream from

Pol pausing facilitates pluripotency transitions

the TSS, and upon its depletion, polymerases extend fur-
ther downstream but do not produce productive elonga-
tion. These observations are consistent with a study
performing acute depletion of NELFC/D, which resulted
in the formation of a “second pause” position of promot-
er-proximal Pol II (Aoi et al. 2020).

In summary, by performing a comprehensive investiga-
tion of Pol II pausing function in a relevant developmental
context using comparative in vivo (embryo) and in vitro
(mESCs) models, we propose a model in which pausing
functions as a rheostat for changing transcriptomes during
cell state transitions (Fig. 7A).

Material and methods

Availability of materials

Requests for reagents should be directed to and will be fulfilled by
A.-K H. (hadj@mskcc.org).

Cell lines

The ATCC E14 ES cell line was cultured on 0.1% gelatin-coated
(Millipore) tissue culture-grade plates in a humidified 37°C incu-
bator with 5% CO,. For routine culture, cells were grown in se-
rum/LIF conditions: DMEM (Gibco) supplemented with 2 mM
L-glutamine (Gibco), 1x MEM nonessential amino acids (Gibco),
1 mM sodium pyruvate (Gibco), 100 U/mL penicillin/100 U/mL
streptomycin (Gibco), 0.1 mM 2-mercaptoethanol (Gibco), 15%
fetal bovine serum (Gibco), and 1000 U/mL recombinant leuke-
mia inhibitory factor (LIF).

To model different stages of pluripotency, cells were initially
cultured in N2B27 + 2i/LIF for 4 d to induce naive pluripotency,
equivalent to 0 h in this study. N2B27 comprised 50% neurobasal
medium (Gibco) with 100x N2 supplement (Gibco), 50% DMEM/
F12 (Gibco) with 50x B27 supplement (Gibco), 2 mM L-glutamine
(Gibco), 100 U/mL penicillin/100 U/mL streptomycin (Gibco),
0.1 mM 2-mercaptoethanol (Gibco), and 1% knockout serum re-
placement (Gibco). To initiate transitions, we followed the EpiLC
conversion protocol (Hayashi et al. 2011). Plates were coated with
16 pg/mL fibronectin (Millipore) in PBS for 30 min at 37°C, fol-
lowed by two washes of PBS. Naive cells were plated at 25 x 10°
cells/cm? in N2B27 supplemented with 12 ng/mL FGF2 and 20
ng/mL ACTIVIN A (Peprotech). Medium changes were done daily
for all conditions.

Plasmid generation

Three plasmids were generated for this study: (1) Cas9 vector to
target the C terminus of Nelfb gene: PX459 vector (Addgene
62988) was digested using BbsI-HF (NEB) and single guide RNA
targeting Nelfb was annealed (Ran et al. 2013). (2) Homology-
directed repair (HDR) vector containing the insert FKBP™¢V tag,
2x HA tag, self-cleaving P2A sequence, and puromycin resis-
tance, flanked by 1-kb Nelfb HDR sequences: The insert was
obtained from pCRIS-PITCHv2-dTAG-BSD (Addgene 91795)
(Nabet et al. 2018). The plasmid backbone (pBluescript), Nelfb
HDR sequences, and the insert were amplified using Q5 polymer-
ase (NEB), and the plasmid was constructed using NEBuilder HiFi
DNA assembly (NEB). (3) Nelfe-EGFP vector as a fluorescent re-
porter of NELF bodies: Nelfe cDNA was amplified using Q5 poly-
merase (NEB). Linker-EGFP and PGK backbone were amplified
from pHaloTag-EGFP (Addgene 86629) and PGKneobpa (Addgene
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13442), respectively. The plasmid was constructed using
NEBuilder HiFi DNA assembly (NEB).

Genome editing

To generate Nelfb%¢ mESCs, 3 million cells were transfected
with 10 pg of PX459-Nelfb_sgRNA and 10 pg of Nelfb_left-
FKBP™¢V_-2xHA-P2A-BSD-Nelfb_right. Cells were transfected
using Lonza P3 primary cell 4D-Nucleofector X 100-puL cuvettes
(Lonza). Following transfection, cells were plated on a 10-cm dish
(Falcon) coated with MEFs. Forty-eight hours after transfection,
correctly targeted cells were selected for in 6 pg/mL Blasticidin
(InvivoGen) for 5 d. Surviving cells were split into 1000 cells/
10-cm dish and maintained for 9 d under puromycin selection.
Surviving clones were picked under a stereomicroscope, expand-
ed, and genotyped for the insert.

Mouse strains and husbandry

All animal work was approved by the Memorial Sloan Kettering
Cancer Center (MSKCC) Institutional Animal Care and Use
Committee (IACUC). Animals were housed in a pathogen-free fa-
cility under a 12-h light cycle. Mouse strains used in this study
were Nelfb*’~ and wild-type CD-1/ICR (Charles River). Nelfb*/~
mice were imported from the Karen Adelman laboratory (JAX
033115). The imported mice had a floxed allele. Following cross-
ing with Zp3-cre (Jax 003651), heterozygous knockout progeny
were identified and expanded.

Cell dTAG treatment

dTAG-13 (Bio-Techne) was reconstituted in DMSO (Sigma) at 5
mM. dTAG-13 was diluted in maintenance medium to 500 nM
and added to cells with medium changes for the specified
amounts of time.

Embryo collection

For all experiments, embryos were obtained via natural mating of
females 6-12 wk of age with males 7-16 wk of age. For preimplan-
tation stages, embryos were recovered by flushing the uterine
horns (E3.25-E4.5). These dissections were carried out in flushing
and holding medium (FHM; Millipore) as described (Behringer
et al. 2014).

For postimplantation embryos (E5.5-E7.5), uterine horns were
retrieved and cut into single decidual swellings in 5% newborn
calf serum in DMEM/F12 (Gibco). Embryos were dissected out
by removing the uterine wall and decidual tissue. The parietal en-
doderm was removed carefully with the ectoplacental cone.

Immunofluorescence

For cultured mESCs, cells were plated on u-Slide eight-well plates
(Ibidi), washed with PBS*/*, and fixed in 4% PFA (electron micros-
copy sciences) in PBS*/* for 10 min at room temperature. Fixed
cells were washed twice with PBS*/*, once with wash buffer and
0.1% Triton X-100 (Sigma) in PBS*/*, and then permeabilized in
0.5% Triton X-100 (Sigma) in PBS** for 10 min. Cells were
then blocked with 3% donkey serum (Sigma) and 1% BSA (Sigma)
for 1 h at room temperature. Cells were then incubated with pri-
mary antibodies in blocking buffer overnight at 4°C (antibodies
and concentrations are listed in Supplemental Table S1). Cells
were then washed three times in wash buffer and incubated
with suitable donkey Alexa Fluor (1:500; Invitrogen) for 1 h at
room temperature. Cells were then washed three times with
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wash buffer, the last containing 5 pg/mL Hoechst 33342 (Invitro-
gen), and then imaged.

For E3.25-E4.5 preimplantation embryos, the zona pellucida
was removed by incubation in acid Tyrode’s solution (Sigma)
for 2 min at 37°C. Embryos were subsequently washed briefly
in PBS*/* before fixation in 4% PFA for 10 min at room tempera-
ture. Fixed embryos were washed in 0.1% Triton X-100 in PBS*/*
(PBX) for 5 min, permeabilized in 0.5% Triton X-100 (Sigma) in
PBS*/* for 5 min, washed again for 5 min in PBX, and blocked in
2% horse serum (Sigma) in PBS*/* for 1 h at room temperature.
Embryos were incubated in primary antibodies diluted in block-
ing solution overnight at 4°C. Embryos were then washed three
times for 5 min each in PBX and blocked again for 1 h at room
temperature prior to incubation with secondary antibodies. Sec-
ondary antibodies diluted in blocking solution were applied for
1 h at 4°C. Embryos were then washed twice for 5 min each in
PBX and incubated with 5 ug/mL Hoechst 33342 (Invitrogen) in
PBS for 5 min or until mounting for imaging. The following pri-
mary antibodies were used: goat anti-GATA6 (1:100; R&D Sys-
tems), mouse anti-CDX2 (1:200; BioGenex), and rabbit anti-
NANOG (1:500; CosmoBio). Secondary Alexa Fluor-conjugated
antibodies (Invitrogen) were used at a dilution of 1:500. DNA
was visualized using Hoechst 33342..

E6.5 and E7.5 embryos were washed briefly in PBS*/* before fix-
ation in 4% PFA for 20 min at room temperature. Fixed embryos
were washed in 0.1% Triton X-100 in PBS*/* (PBX| for 5 min, per-
meabilized in 0.5% Triton X-100 (Sigma) in PBS*/* for 20 min,
washed again for 5 min in PBX, and blocked in 3% horse serum
(Sigma) in PBX for 1 h at room temperature. Embryos were incu-
bated in primary antibodies diluted in blocking solution over-
night at 4°C. Embryos were then washed three times for 10 min
each in PBX and blocked again for 1 h at room temperature prior
to incubation with secondary antibodies. Secondary antibodies
diluted in blocking solution were applied overnight at 4°C. Em-
bryos were then washed three times for 5 min each in PBX and in-
cubated with 5 pg/mL Hoechst 33342 (Invitrogen) in PBX for 1 h
or until mounting for imaging.

Image data acquisition

Fixed immunostained samples were imaged on a Zeiss LSM880
laser scanning confocal microscope. Preimplantation embryos
were mounted in microdrops of 5 pg/mL Hoechst 33342 in
PBS*/* on glass-bottomed dishes (MatTek) coated with mineral
oil (Sigma). Embryos were imaged along the entire Z-axis with a
1-um step using an oil-immersion Zeiss EC Plan-Neofluar 40x/
NA 1.3 with a 0.17-mm working distance. For postimplantation
embryos, a similar setup was used but with an air plan-apochro-
mat 20x/NA 0.75 objective.

Superresolution imaging of Nelfe-EGFP was performed on a
Zeiss Elyra 7 with lattice SIM using an oil-immersion Zeiss
plan-apochromat 63x/NA 1.4 objective.

Western blotting

For cells, 350 pL of lysis buffer (1x cell lysis buffer [Cell Signaling]
with 1 mM PMSEF [Cell Signaling| and cOmplete Ultra protease
inhibitor [Sigma]) was added to 2 90% confluent six-well dish (Fal-
cone) after washing with PBS™/~. Cells were incubated with lysis
buffer for 5 min on ice, scraped, and collected. Samples were son-
icated for 15 sec to complete lysis and then spun down at 12,000g
for 10 min at 4°C. The supernatant was collected, and protein
concentration was measured using Pierce BCA protein assay kit
(Thermo). Ten micrograms to 20 ng of protein was mixed with
Blue loading buffer (Cell Signaling) and 40 mM DTT (Cell
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Signaling). Samples were boiled for 5 min at 95°C for denatura-
tion. To prepare cellular compartment fractions, subcellular pro-
tein fractionation kit was used (Thermo) according to the
manufacturer’s instructions.

Samples were run on a Bio-Rad Protean system and transferred
using transblot semidry transfer cells (Bio-Rad) to a nitrocellulose
membrane (Cell Signaling) following the manufacturer’s instruc-
tions and reagents. Membranes were then washed briefly with
ddH,O and stained with Ponceau S (Sigma) for 1 min to check
for transfer quality and as a loading control. Membranes were
then washed three times with TBST (0.1% Tween 20 [Fisher] in
TBS). Membranes were blocked with 4% BSA in TBST for 1 h
at room temperature and subsequently incubated with primary
antibodies diluted in blocking buffer overnight at 4°C. They
were then washed three times with TBST, incubated with sec-
ondary antibodies in blocking buffer for 1 h, washed three times
with TBST, incubated with ECL reagent SignalFire for 1-2 min,
and imaged using a ChemiDoc (Bio-Rad). Primary and secondary
antibodies are listed in Supplemental Table S1.

RT-qPCR

RNA was extracted from samples using TRIzol (Thermo) follow-
ing the manufacturer’s instructions. One microgram of RNA was
used to generate cDNA using the QuantiTect reverse transcrip-
tion kit (Qiagen). qPCR reaction was performed using PowerUp
SYBR Green master mix (Thermo) and a Bio-Rad CFX96. The
primers used are listed in Supplemental Table S1.

ChIP-seq

Twenty-five million cells were collected for each sample/repli-
cate. Cells were cross-linked in 1% PFA (Electron Microscopy
Sciences) in PBS for 10 min at room temperature. Following
quenching with 125 mM glycine (Sigma) for 5 min at room tem-
perature, cells were washed twice with PBS and then suspended
in lysis buffer (10 mM Tris at pH 8, 1 mM EDTA, 0.5% SDS
[Sigma]) at 20 x 10° cells per 400 uL. To shear chromatin, samples
were sonicated using a Bioruptor Pico sonication device (Diage-
node) for 12 cycles, 30 sec on/30 sec off, and then pelleted at
the maximum speed for 10 min at 4°C. The supernatant was di-
luted five times with dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris at pH 8, 167 mM NaCl
[Sigma]) and then incubated with primary antibodies overnight
at 4°C. Protein G Dynabeads (Thermo) were blocked overnight
at 4°C using 100 ng per 10 pL of beads. The next day, beads
were added to samples at 20 pL per sample for 3 h at 4°C. Using
a magnet to stabilize the beads, they were washed twice in low-
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, 20 mM Tris at pH 8), twice in high-salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM
Tris at pH 8), twice in LiCl buffer (0.25 M LiCl, 1% NP-40, 1%
deoxycholic acid, 1 mM EDTA, 10 mM Tris at pH 8), and once
in TE buffer (10 mM Tris at pH 8, 0.1 mM EDTA). Subsequently,
the DNA was eluted from the beads by incubation with 150 pL of
elution buffer (100 mM NaHCOj3;, 1% SDS) for 20 min at 65°C
with vortexing using Eppendorf ThermoMixer C (Eppendorf).
The supernatant was collected, reverse cross-linked by incuba-
tion overnight at 65°C in the presence of proteinase K (Roche),
and cleaned by RNase A (Thermo) treatment for 1 h at 37°C.
The DNA was purified using a DNA clean and concentrate kit
(Zymo Research). Spt5 ChIP samples were spiked-in with 10%
human HEK293T cells to perform normalized quantification of
signal.

Pol pausing facilitates pluripotency transitions

ChlIP-seq analysis

Reads were aligned to mm10 and filtered using the following
pipeline (https://github.com/soccin/ChIP-seq). Briefly, reads
were aligned using Bowtie 2.3.5 and then filtered using a MAPQ
of >30. Properly paired reads were kept. Resulting BAMs were
used to generate BigWigs using DeepTools (https://deeptools
.readthedocs.io/en/develop). BigWigs were normalized to 10 mil-
lion. For SPT5, the samples were aligned to an index with both
mm10 and hg38 to normalize to human cell spike-ins. The nor-
malization was applied as a scale factor during BigWig generation,
where the scale factor is the multiple required for each spike-in to
be equal to the average of all spike-ins. NELFB and NELFE ChIP-
seqs at the naive and formative states were also normalized to a
spike-in similar to SPT5 samples. Peak calling was performed us-
ing MACS2 with paired reads mode on and Q-value <0.05. Shared
peaks across replicates were analyzed. Downstream analysis was
performed in Rstudio 4.1.2 using Bioconductor packages and
DeepTools to generate heat maps.

PRO-seq (sample preparation and library preparation)

Cells (5 x 10° to 15x 10°) were detached using tryspin (Thermo)
and then resuspended in 500 pL of wash buffer (10 mM Tris-Cl
at pH 8.0, 300 mM sucrose, 10 mM NaCl, 2 mM MgAc, [all
from Sigmal]). All following steps were performed at 4°C. Next,
500 uL of lysis buffer (10 mM Tris-Cl at pH 8.0, 300 mM sucrose,
10 mM NaCl, 2 mM MgAc,, 6 mM CaCl,, 0.2% NP-40/Igepal [all
from Sigmal) was added to the resuspended cells, followed by pi-
petting the cells up and down 10 times. The total volume was
then brought to 10 mL by adding 4.5 mL of wash buffer and 4.5
mL of lysis buffer. The tubes were mixed by inverting gently for
1 min, and then nuclei were pelleted at 800g for 5 min. The nuclei
were then washed with 1 mL of storage buffer (50 mM Tris-HCL
at pH 8.3, 40% glycerol, 5 mM MgCl,, 0.1 mM EDTA [all from
Sigma]). Nuclei were counted, and 5 x 10° were pelleted per repli-
cate in 1.5-mL Eppendorf tubes. Pellets were resuspended in 42 pL
of storage buffer. A similar procedure was performed separately
for D. melanogaster S2 cells. In the final step, 8 uL of storage buff-
er with 35 x 10 S2 spike-in cells was added to the 42 uL of storage
buffer with mESC nuclei and frozen in LN2 until the run-on
reaction.

PRO-seq libraries were prepared according to published proto-
cols (Mahat et al. 2016). Adjustments made to the original proto-
col were as follows: (1) In the run-on master mix, biotinylated
nucleotides were provided at the following concentrations: 10
mM Biotin-11-ATP, 10 mM Biotin-11-GTP, 100 mM Biotin-11-
CTP, and 100 mM Biotin-11-UTP. (2) Trizol LS (Invitrogen
10296-010) was replaced by TRI reagent-LS (MRC TS 120). (3) Tri-
zol (Invitrogen 15596-026) was replaced by TRI reagent (MRC TR
118). (4) Digestion of RNA by base hydrolysis in 0.2 N NaOH on
ice was reduced from 8 min to 6 min. (5) Nascent RNA was puri-
fied by binding streptavidin beads (NEB S1421S) and washed as
described. Hydrophilic streptavidin magnetic beads (NEB
S1421S) were replaced by streptavidin magnetic beads (NEB
S1420S). (6) SuperScript III reverse transcriptase (Invitrogen
18080-044) was replaced by SuperScript IV reverse transcriptase
(Invitrogen 18090050). Libraries were prepared using adapters
that contained a 6-bp unique molecular identifier sequence on
read 1.

PRO-seq analysis

PRO-seq libraries were competitively aligned to a genome result-
ing from merging mm10 assembly with D. melanogaster dm3 ge-
nome assembly. Alignment was performed using the proseq2.0
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pipeline (https://github.com/Danko-Lab/proseq2.0) using the pa-
rameters -PE -RNA5=R2_5prime ~-UMI1=6. Downstream analy-
sis was performed in R using genomic ranges (Lawrence et al.
2013) and BRgenomics 1.1.3 (https://mdeber.github.io/index
html).

To account for global changes in nascent RNA production as
well as technical variations between libraries, spike-in D. mela-
nogaster S2 nuclei were used as internal controls. The ratio be-
tween fly and mouse nuclei was 1:150. For normalization, we
divided the mouse reads in each sample by the total number of
fly reads in the same sample.

We quantified changes in gene expression using the GEN-
CODE v20 annotations in mice. To compute differential expres-
sion between treatments, we used DEseq2. First, we used
unnormalized BigWigs to count the total number of reads around
each TSS or within gene bodies of annotated GENCODE v20
genes. For TSSs, we took a 300-bp window centered on gene start
sites, while gene bodies were defined as the entirety of the gene
excluding the first and last 300 bp from the TSS and TES, respec-
tively. Next, we provided the raw PRO-seq counts as input to
DEseq?2. We used the total number of Drosophila reads as scaling
factors. For generating metaprofiles, Drosophila spike-in-normal-
ized counts were used. TSS metaprofiles in Figure 4, Band C, were
aligned to mESC START-seq data due to better accuracy than
GENCODE v20 (Henriques et al. 2018).

Heat maps

Heat maps were generated using Drosophila spike-in-normalized
reads. We sorted GENCODE v20 genes by length and depicted the
number of spike-in-normalized reads per 1-kb bin from 1 kb up-
stream of the annotated TSS to 200 kb downstream.

dREG peaks

We called regulatory element peaks using dREG gateway (https
://dreg.dnasequence.org; Danko et al. 2015; Wang et al. 2019).

Analysis of Micro-C data

Publicly available Micro-C data were downloaded from
GSE130275 (Hsieh et al. 2020). HiC profiles were plotted using hic-
PlotTADs and used to define TAD boundaries for Nanog and Fgf5
(Wolff et al. 2020). Regulatory regions for Nanog and Fgf5 were
called using the custom virtual4C script developed by the Danko
laboratory (https://github.com/Danko-Lab/HS_transcription_
regulation) using parameters -w 4000000 -b 5000 -q 30. The ob-
tained regulatory regions were overlapped with dREG calls to
define putative enhancers that are in contact with the four promot-
ers of interest.

Initiation release rate estimation

An algorithm was used to estimate initiation rates for each gene
(Siepel 2021). Specifically, initiation rate was estimated by

w S
T

where a is initiation rate, Sy is the number of read counts within
gene body, 11is gene length, and \ is a library-specific scaling factor
determined by the number of spike-in reads mapped to the D.
melanogaster genome. Pause release rate was estimated by

B=

i

el
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where B is pause release rate, S, is the number of read counts with-
in the pause peak, and k is the length of it. The first protein coding
annotations from GENCODE (version vM20) were used for each
gene, and regions 1 kb downstream from TSSs to the end of the
gene (up to 90 kb) were used as gene body for read counting.
Note that a is the maximum likelihood estimator of initiation
rate when assuming read counts following Poisson distribution,
and it is also widely used in many literatures to represent tran-
scriptional activity with some heuristic justifications (Siepel
2021).

Image processing and quantification

For preimplantation embryos, semiautomated 3D nuclear seg-
mentation for cell counting and quantification of fluorescence in-
tensity was carried out using MINS, a Matlab-based algorithm
(http://katlab-tools.org; Lou et al. 2014). The same imaging pa-
rameters were used for all experiments consisting of the same pri-
mary and secondary antibody combinations to minimize
quantitative variance due to image acquisition. The MINS output
was checked for oversegmentation or undersegmentation, and ta-
bles were corrected manually using Image] (National Institutes of
Health [NIH], https://imagej.nih.gov/ij) (Schindelin et al. 2012).
Undersegmented nuclei (two or more nuclei detected as one, or
nuclei that were not detected) were assigned fluorescence inten-
sity values that were directly measured using ImageJ (NIH). To
correct fluorescence decay along the Z-axis, we used a linear re-
gression method to calculate the global average of the regression
coefficients in the HA channel (Saiz et al. 2016b). This slope was
then used to adjust the logarithm values of HA fluorescence in-
tensity for each nucleus. Trophectoderm (TE) versus inner cell
mass (ICM) cell assignment was achieved by a threshold for
CDX2, which is present exclusively in TE. To avoid batch vari-
ability, directly compared embryos were stained and imaged in
the same session.

Statistical analysis

All statistical tests of immunofluorescence data were carried out
in PRISM 9 (GraphPad). Statistical significance was established
using a Student’s t-test with P-value threshold of 0.05. The P-val-
ue range for each experiment is indicated in the figure legends.

For sequencing data, analysis of differentially expressed genes
was done in R using the DEseq2 method with 0.05 P adjusted
(Love et al. 2014). Other comparisons between gene groups
were performed using two-way paired t-tests.

Data and code availability

Raw and processed sequencing data from this work have been
deposited in the Gene Expression Omnibus under the accession
numbers GSE196543 for ChIP-seq and GSE196653 for PRO-seq.
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