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Abstract

The pluripotency of embryonic stem cells (ESCs) relies on appropriate responsiveness to
developmental cues. Promoter-proximal pausing of RNA polymerase 11 (Pol 1) has been
suggested to play a role in keeping genes poised for future activation. To identify the role of Pol Il
pausing in regulating ESC pluripotency, we have generated mouse ESCs carrying a mutation in the
pause-inducing factor SPT5. Genomic studies reveal genome-wide reduction of paused Pol Il
caused by mutant SPT5 and further identify a tight correlation between pausing-mediated
transcription effect and local chromatin environment. Functionally, this pausing-deficient SPT5
disrupts ESC differentiation upon removal of self-renewal signals. Thus, our study uncovers an
important role of Pol Il pausing in regulating ESC differentiation and suggests a model that Pol 11
pausing coordinates with epigenetic modification to influence transcription during mESC
differentiation.
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1. Introduction

Understanding the mechanisms governing self-renewal and differentiation of pluripotent
embryonic stem cells (ESCs) is critical for designing efficient and safe protocols for their
use in regenerative medicine. The hallmarks of pluripotency; i.e. maintaining unlimited self-
renewal potential while being equipped to activate differentiation programs upon signals are
regulated through a set of ESC transcription factors and epigenetic marks (Bernstein et al.,
2006; Marks et al., 2012; Young, 2011). These together allow for continuous activation of
stem cell factors and repression of developmental regulators. Many mechanisms have been
proposed to regulate this unique ability of ESCs, including the deposition of “bivalent”
histone marks and RNA polymerase Il (Pol 1) pausing at initial stages of transcription
(Marks et al., 2012; Tee et al., 2014).

Pol 1l pausing occurs soon after transcription initiation and is mainly regulated by two
pausing factors DSIF (DRB-Sensitivity Inducing Factor) and NELF (Negative Elongation
Factor) (Rougvie and Lis, 1988; Yamaguchi et al., 1999). Release of Pol Il to productive
elongation is facilitated by recruitment of P-TEFb (positive transcription elongation factor b)
that phosphorylates the C-terminal domain of Pol Il as well as the pausing factors, leading to
NELF dissociation and DSIF being converted to an elongation-stimulating factor (Cheng
and Price, 2007; Liu et al., 2015; Peterlin and Price, 2006).

RNA Pol Il pausing is suggested to be an important checkpoint in early transcription where
signals can be integrated for rapid and synchronous gene activation (Adelman and Lis, 2012;
Levine, 2011). Accordingly, genomic studies have found enrichment of paused Pol Il at
genes involved in signal transduction, developmental control and cell proliferation (Min et
al., 2011). In mice, loss of the B subunit of NELF (NELF-B) leads to embryonic lethality at
the inner cell mass stage (Amleh et al., 2009). In addition, deletion of Ae/f-bin mESCs
causes proliferation defects together with a blunted response to differentiation signals
(Williams et al., 2015). Although these studies suggest crucial roles of NELF-mediated
pausing in mouse embryonic development, the interpretation of these results could be
complicated by other functions of NELF-B, such as the physical and functional interaction
of NELF-B with the DNA repair protein BRCA1 (Aiyar et al., 2007; Nair et al., 2016; Ye et
al., 2001). Thus, the direct role of Pol 11 pausing in mammalian embryonic development
remains to be elucidated.

In our previous studies, we have reported an essential function of the pausing factor DSIF in
the development of zebrafish hematopoietic stem cells by characterizing a missense
mutation in the DSIF subunit gene spr5 (Yang et al., 2016). In vitro assays have shown that
the mutation-caused single amino acid change in zebrafish SPT5 protein specifically
disrupts the pausing function of DSIF without affecting its elongation stimulating activity
(Guo et al., 2000). Here, based on the high conservation between zebrafish and mammalian
SPT5, we incorporated the same mutation into mESCs by CRISPR/Cas9 genome editing.
Using global run-on sequencing (GRO-seq), we verified the genome-wide reduction of Pol
Il pausing in Spt5 mutant mESCs. Although mutant mESCs can be maintained at the self-
renewal culturing conditions, these cells show genome-wide transcriptional changes and
have severe defects during differentiation. Importantly, we identified a tight correlation
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between pausing status and local chromatin environment. Our results suggest that genes with
unfavorable chromatin environment may rely more on paused Pol 11 to make them
permissive for future activation during differentiation.

2. Material and methods

2.1. Cell culture and generation of ESC clones

ESCs were routinely cultured without feeders in mESC medium (DMEM+ 15% fetal bovine
serum, 1mM sodium pyruvate, 50uM b-mercaptoethanol, MEM non-essential amino acids,
100 U/ml penicillin, 100 ug/ml streptomycin and 1000U/ml LIF) or in serum free N2B27
medium supplemented with 1uM MEK inhibitor (Cayman) and 3uM CHIR99021 (Cayman)
(Ying et al., 2008) on 0.2% gelatin-coated plates. ES-E14TG2a (E14) ESCs were used for
generation of Spr5Y20050 clones. Cas9, sgRNA and donor DNA plasmids were introduced to
E14 ESCs using the Neon transfection kit (Fisher), and integration of clones were confirmed
using PCR followed by Sanger Sequencing. See supplemental information for further
details.

2.2. Self-renewal assays and alkaline phosphatase staining

Single cells were plated 100cells/cm? in 0.2% gelatin-coated 6-well plates and 24-well
plates in triplicate. Every three days, cells in 6-well plates were dissociated with 0.25%
Trypsin-EDTA and passaged to new plates at a concentration of 100cells/cm2. At the same
time, the cells in 24-well plates were stained for alkaline phosphatase according to the
manufacturer’s instructions (Stemgent). The number of positive colonies is counted. The
cumulative number of colonies was calculated by multiplying the colony counts by the
dilution factor used for passaging. Results are plotted as mean + SEM of three wells.

2.3. RNA isolation and q-RT-PCR analysis

Total RNA was extracted using Trizol (Fisher) followed by DNAse treatment and reverse
transcribed to cDNA with Superscript 3 cDNA synthesis kit (Fisher). gPCR was performed
on Roche LightCycler 480 using the iQ SYBR Green Mastermix (BioRad). Gene expression
was analyzed relative to Gapdh using the AACt method.

2.4. GRO-seq and data analysis

Nuclei isolation, run-on and preparation of libraries were performed as previously described
(Franco et al., 2015). GRO-seq data were analyzed using the groHMM package described
elsewhere (Chae et al., 2015). Additional details of GRO-seq library preparation and data
analysis are described in Supplemental Information. ATAC-seq was performed as previously
described (Buenrostro et al., 2013).

2.5. Differentiation assays

Serum-free differentiation was performed by removal of GSK3 and MEK inhibitors from
ESCs in 2i media for indicated time lengths. EBs were prepared by titrating ESCs to single
cell suspension in ESC media lacking LIF in hanging drops (300-500 cells/drop) and
transferred to low-attachment plates in a shaking incubator after 3 days. EBs were collected
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at indicated time points for further analysis. Teratomas were prepared by intraperitoneal
injection of 200,000 ESCs. Teratomas were collected after 21 days and stained with H&E
for histological analysis (Histoserv Inc.).

2.6. Statistical Analyses

Data were analyzed by Student’s t-test. In all figures, data are represented by mean + SEM
from =3 independent experiments.

2.7. Accession numbers

3. Results

GRO-seq and ATAC-seq data are available on GEO under accession numbers GSE99760.

3.1. Generation of Spt5 mutant mESCs

To identify the targets of Pol Il pausing in ESCs, we aimed to generate pausing mutant
mouse ESCs. Previous studies using mouse ESCs with a conditional deletion of the NELF
complex subunit gene Nel/f-b have shown a severe proliferation defect (Williams et al.,
2015). Therefore, we opted for an alternative strategy to target the pausing complex DSIF
subunit SPT5 (encoded by Supt5h). In vitro studies have shown that a single amino acid
change (V1012D) in the C-terminal of zebrafish SPT5 protein specifically disrupted the
pausing function of DSIF without affecting its elongation stimulation function (Guo et al.,
2000). Because the residue mutated in zebrafish SPT5 is conserved in mouse (Figure S1A),
we introduced the same mutation (V1008D) in mouse SPT5 using a CRISPR/Cas9-mediated
knockin approach (Figure 1A). Multiple homozygous mESC clones carrying the V1008D
mutation were successfully generated and confirmed by Sanger sequencing (Figure 1B,
S1B). All clones show comparable ESC characters to wild-type cells based on colony
morphology, growth rate and alkaline phosphatase staining (Figure 1C and data not shown),
and can be maintained under both serum containing and serum-free ESC culture conditions.

To quantify the clonal self-renewal ability of Spz5Y20080 ESCs, we monitored the expansion
of cells that are able to establish alkaline-phosphatase (AP) positive colonies at clonal
density over three passages. Spr5Y20050 ESCs behaved at similar levels compared to control
ESCs (Figure 1D). In line with this, quantitative RT-PCR revealed no significant changes of
expression levels of stem cell markers in mutant ESCs (Figure 1E).

To test the self-renewal ability of Spr5Y20980 ESCs in long term culturing, we grew wild-
type and Spt5V2006D ESCs for over 15 passages in the serum-free culture condition (Figure
S2). Similar to wild-type ESCs, Spt5Y20080 ESCs were able to maintain normal ESC
morphology and positive AP staining at late passages (Figure S2A). Furthermore, mutant
ESCs showed comparable cell cycle profiles and expression levels of pluripotency markers
(Figure S2B-D). We conclude that the V1008D mutation in SPT5 does not cause significant
defects in self-renewing ESCs.
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3.2. Genome-wide reduction of Pol Il pausing in Spt5Y1008D ESCs

Previous /n vitro studies have shown that the same mutation in zebrafish SPT5 specifically
disrupts the pausing function of DSIF (Guo et al., 2000). To understand the genome-wide
impact of this mutation on Pol Il pausing, we performed GRO-seq to measure the
distribution of transcriptionally engaged Pol 11 in wild-type and Spt5Y20060 ESCs. We first
validated our GRO-seq approaches in wild-type ESCs grown under serum/LIF vs. 2i
conditions. A much higher occupancy of promoter-proximal Pol 11 in 2i condition than
serum/LIF condition was observed, indicating strong pausing in cells grown in 2i (Figure
S3A). This is consistent with previous studies showing increased pausing in 2i by Pol Il
ChiP-seq (Marks et al., 2012). Accordingly, calculation of pausing index (P1) by taking the
ratio between Pol Il around the promoter and the gene body revealed a much higher Pl in 2i
condition (Figure S3B). Although genome-wide pause was much higher in 2i condition,
gene ontology (GO) analysis of paused genes (Pl > 2) revealed similar ontology terms
between 2i and serum conditions (Figure S3C), suggesting that the high level of Pol 11
pausing in 2i reflects a global effect rather than specific regulation for certain gene sets.

After confirming that ESCs cultured in 2i media exhibit more prominent Pol Il pausing, we
performed GRO-seq on wild-type and Spr5Y20%80 ESCs cultured in 2i media. Metagene
analyses revealed that Spr5Y20050 ESCs have a significant reduction of promoter-proximal
Pol 11 but little change of Pol 11 levels within gene bodies (Figure 2A), suggesting a genome-
wide reduction of transcription pausing. In support of reduced Pol Il pausing, the average Pl
is significantly decreased in mutant ESCs (Figure 2B), with >70% genes showing lower Pl
than that in wild-type ESCs (Figure 2C).

To identify gene classes most affected by pausing disruption, we carried out GO analysis on
genes with at least 1.5-fold reduction of Pl (n=4246). This identified high enrichment in GO
terms related to transcription, cell cycle, kinase activity and signaling pathways such as
MAPK and Wnt (Table S1). Together these results demonstrate a global reduction of
transcription pausing in Spt5V2008D ESCs, providing the first genomic evidence
demonstrating the /n vivo effect of V1008D mutation of SPT5 on Pol 11 pausing.

3.3. Differentially regulated genes in Spt5Y1008D mESCs have distinct chromatin states

Reduction of promoter-proximal Pol 11 in Spr5Y20080 mESCs could lead to more release of
paused Pol 11 into the gene body thus upregulated transcription, or less recruitment of Pol 11
to the promoter due to nucleosome reassembly that leads to transcription downregulation
(Gilchrist et al., 2008). To identify genes that are differentially regulated in mutant ESCs,
wild-type and mutant ESCs were compared for Pol 1l occupancy within gene bodies, which
reflects the transcription activity of genes (Figure 3A, B). This analysis identified 416 genes
with increased Pol 11 and 827 genes with reduced Pol 11 in gene bodies (=1.5-fold,
p<0.0001). We defined these genes as “upregulated” (up) vs. “downregulated” (down),
respectively (Figure 3B). Interestingly, genes in the “up” group not only exhibited more
gene-body associated Pol 11 but also have increased promoter-proximal Pol I in mutant
ESCs, suggesting an overall increase of Pol Il occupancy (Figure 3A). By contrast, genes in
the “down” group have an overall reduction of Pol Il occupancy from both promoters and
gene bodies in mutant ESCs (Figure 3A). Moreover, in wild-type mESCs, “up” genes have
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significant lower PI than “down” genes (Figure 3C), suggesting that these genes are less
paused in normal condition.

To investigate what causes the different degree of pausing between “up” and “down” genes
in wild-type ESCs, we compared the chromatin environment of these two gene sets in ESCs
using published ChIP-seq data of histone modification marks from the same ES cell line
grown in 2i condition (Joshi et al., 2015; Marks et al., 2012). Remarkably, these analyses
revealed a higher occupancy on “up” genes of active histone marks such as H3K4me3,
H3K27ac and H3K36me3 along with a lower level of the repressive mark H3K27me3
(Figure 3D), suggesting a relatively open chromatin state around these genes in normal
ESCs. In contrast, genes in the “down” group are occupied by lower levels of active histone
marks but higher levels of H3K27me3 and polycomb proteins EZH2 and SUZ12 (Figure 3D,
E), suggesting a less permissive chromatin state. To further validate these results, we
performed ATAC-seq (Buenrostro et al., 2013) to measure chromatin accessibility in wild-
type ESCs. Consistent with ChlP-seq results, ATAC-seq showed a more accessible
chromatin state for the “up” genes than “down” genes (Figure 3F).

These findings suggest that the effect of pausing on transcription may be determined by the
local chromatin environment. For genes that have a relatively open chromatin state, paused
Pol Il may negatively influence their transcription by inhibiting productive elongation. By
contrast, genes with unfavorable chromatin environment may rely on paused Pol 1l to
maintain chromatin accessibility for basal transcription and future activation as suggested
previously (Gilchrist et al., 2008), therefore are more likely to be downregulated when Pol 11
pausing is disrupted. Indeed, GO analysis revealed that the “down” group is enriched with
genes functioning in multicellular organism development and cellular differentiation
processes (Table S2).

3.4. Spt5V1008D mESCs have differentiation defects

Our GO analyses of genes with reduced pausing index in mutant ESCs identified signaling
pathways MAPK and Wnt (Table S1), which are known to play important roles in regulating
the balance between ESC self-renewal and differentiation (Ying et al., 2008). To understand
whether the reduction of pausing in those gene sets have a functional consequence, we tested
whether mutant ESCs behave normally in response to loss of self-renewal signals by
removing GSK3 and MEK inhibitors in 2i media. While withdraw of inhibitors induced an
immediate upregulation of ERK signaling and a graduate reduction of Wnt signaling in
wild-type ESCs, mutant ESCs failed to show these responses (Figure 4A, S4), indicating a
blunted response to differentiation cues by pausing disruption.

To further test the differentiation ability of mutant cells, we differentiated ESCs into
embryonic bodies (EBs). Mutant ESCs initiate differentiation but start to show significant
growth retardation after day 7 and fail to form cystic structures at late stages of
differentiation (Figure 4B, C). We examined the expression of self-renewal genes and
differentiation markers throughout the time course of differentiation by g-RT-PCR (Figure
4D). Mutant EBs exhibited increased levels of self-renewal gene Oct4, and showed
abnormal expression of multiple differentiation markers. The ectoderm markers Nestinand
Sox11were induced less efficiently in mutant EBs at most time points of EB differentiation.
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Although markers of other primitive and definitive germ layers were induced at similar (7,
Flk1, Cdx2) or even higher levels (Fgf5, Gata4, FoxaZ, Eomes) at early stages of
differentiation in mutant EBs compared to those of the wild-type counterparts, most of these
germ-layer markers failed to undergo downregulation at later stages of differentiation in
mutant EBs. Furthermore, unlike wild-type EBs that express terminal differentiation markers
for the cardiomyocyte lineage and start beating at day14 of EB differentiation, mutant EBs
had severe defects in expressing these terminal lineage markers and most of them failed to
show any sign of beating (Figure S3).

To test the effect of Spt5Y2996D on |onger-term differentiation, we performed teratoma
assays by injecting control or mutant ESCs into NOD/SCID mice. Examination of teratomas
at day 21 revealed that the mutant ESCs gave rise to much smaller teratomas with an
overrepresentation of undifferentiated neuroblastic tissue and diminished terminally
differentiated mesoderm-derived tissues such as bone and cartilage (Figure 4E, F). Together
with the gene expression data, these results suggest that the Spr5Y20050 mytation causes
general defects in mESC differentiation with particular blockage of terminal lineage
differentiation.

4. Discussion

Transcriptional regulation of gene expression is crucial for embryonic development. It has
been shown that transcription can be regulated at the early elongation stage of transcription
by Pol Il pausing and elongation factors (Adelman and Lis, 2012). Previous attempts to
elucidate the function of pausing in mammalian embryonic development have made use of
targeted deletion of NVe/f-bin mESCs (Williams et al., 2015). However, the proliferation
defects of Nelf-b depleted mESCs prevents its use in functional study of Pol 1l pausing in
long-term ESC differentiation. To circumvent these issues, here we attempted to generate a
pausing mutant mESCs by targeting the pausing factor DSIF. We have incorporated a single
amino acid substitution V1008D in the DSIF subunit SPT5 that has been shown to
specifically disrupt the pausing function of SPT5 by /n vitro studies (Guo et al., 2000).
GRO-seq analyses of transcriptionally engaged Pol |1 revealed a genome-wide reduction of
paused Pol 11 in promoter-proximal regions in mutant ESCs, validating previous /n vitro
studies. The fact that we did not see a complete abolishment of paused Pol 1l peak could be
due to the remaining pausing mediated by NELF. Alternatively, VV1008D substitution could
be a hypomorphic mutant and other residues may contribute to the pausing function of
SPT5.

RNA Pol Il pausing is suggested to affect gene transcription in both positive and negative
manner (Aida et al., 2006; Gilchrist et al., 2010; Gilchrist et al., 2008). Our work supports
this conclusion and further suggests that the influence of pausing on transcription may
depend on local chromatin environment. We observed that genes with a more permissive
chromatin environment tend to have a less degree of pausing and are more likely to be
upregulated in pausing-deficient ESCs, suggesting an inhibitive role of Pol Il pausing on
these genes. By contrast, genes occupied by higher levels of repressive histone marks and
Polycomb proteins tend to require paused Pol Il for their transcription. Accordingly, these
genes tend to bear a higher level of paused Pol 11, which may be more competent to
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overcome the unfavorable chromatin environment to keep promoter accessible for the basal
transcriptional machinery, as suggested by previous studies (Gilchrist et al., 2010; Gilchrist
et al., 2008), thereby making them more malleable for future activation. This may partially
explain why the genome-wide reduction of pausing in Spr5V20080 ESCs did not cause
significant phenotypes under self-renewing condition but severely disrupted differentiation.
Compared to the self-renewal state, differentiating ESCs have a great increase of
inaccessible chromatin due to chromatin condensation and heterochromatin formation. Such
an increase of unfavorable chromatin environment may render genes to rely more on paused
Pol 11 to keep promoter accessible for the transcriptional machinery as cells differentiate.

In conclusion, by generating stable mutants for the pausing factor SPT5, our work reveals a
crucial role of RNA Pol Il pausing in ESC differentiation. Notably, we identify a tight
correlation between pausing-mediated transcription regulation and local chromatin
environment. Future studies to identify chromatin remodelers and histone modifiers that
regulates Pol Il pausing will be important to deepen our understanding on how to maintain
adequate levels of gene transcription in cells to prevent developmental abnormalities and
malignant diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Pausing in ES cells occurs primarily at cell cycle control and signaling genes

. Disruption of DSIF-mediated RNA Pol Il pausing impairs mESC
differentiation

. Pol Il pausing coordinates with chromatin environment to regulate
transcription
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Figure 1. Generation and characterization of Spt5Y1008D mytant ESCs
(A) Schematic of the murine Supt5h loci (exons 28 through 30) showing the wild-type and

targeted allele that contains the \V1008D mutation. The targeted allele contains a
hygromycin resistance (HygroR) cassette flanked by LoxP sites.

(B) Sanger sequencing results of the wild-type and a homozygous clone. The mutated codon
for V1008D is highlighted.

(C) Representative images of alkaline phosphatase staining of wild-type and Spr5v20050
homozygous ESCs.

(D) Clonal self-renewal assay for wild-type and Spt5V2098D ESCs (mean + SEM, 7=3)

(E) Quantitative RT-PCR comparing mRNA levels of ESC markers in wild-type and
Spt5V10080 ESCs. Gene expression is normalized to Gapah and presented as fold change
relative to wild-type levels (n=3, mean + SEM).
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Figure 2. SptSV1008D ESCs show global reduction of Pol Il pausing
(A) Metagene analysis showing transcriptionally engaged Pol Il occupancy centered at the

transcription start site (TSS) measured by GRO-seq on sense and anti-sense strands in wild-
type (red) and Spr5Y20050 (green) ESCs.

(B) Left: depiction of pausing index (PI) calculation by ratio of Pol Il signal around the
promoter vs. the gene body. Right: boxplot analysis comparing Pl between wild-type (red)
and Spt5V1008D (green) ESCs.

(C) Cumulative distribution function analysis comparing PI distribution in wild-type (black)
and Spr5V2008D (red) ESCs.
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Figure 3. Differentially regulated genes in Spt5V1008D MESCs have distinct chromatin states
(A) Genome browser tracks of GRO-seq for upregulated genes (Krasand G//3) and

downregulated genes (Foxc2and Oligl) in Spt5Y20080 ESCs compared to wild-type (WT)
cells. Scale bar and gene diagram are depicted above the browser tracks.

(B) Metagene analysis showing Pol 11 occupancy measured by GRO-seq on genes that show
increased (Up) and decreased (Down) gene body reads in Spr5Y20060 ESCs compared to
wild-type (WT) cells.

(C) Boxplot analyses comparing the pausing index between the downregulated (Down) and
upregulated (Up) genes in wild-type ESCs.

(D-F) Boxplot analysis comparing the occupancy of histone modification marks (D),
enrichment of Polycomb proteins EZH2 and SUZ12 (E) and chromatin accessibility by
ATAC-seq (F), between the upregulated (Up) genes and downregulated (Down) in wild-type
ESCs.
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Figure 4. Spt5V10°8D ESCs show defects in differentiation
(A) Western blots comparing the activity of Wnt (active B-Catenin) and ERK signaling (p-

ERK) between wild-type and mutant ESCs after removal of GSK3 and ERK inhibitors (2i)
from the serum free media for different time length (Hrs: hours) as indicated. f-actin
(ACTB) and total ERK serve as loading controls.

(B) Bright field imaging of day-12 embryoid bodies (EBs) from wild-type and mutant ESCs.
Arrows depict cystic structures seen in wild-type day-12 EBs.

(C) Comparison of mean diameters (uM) of 20 EBs at indicated days of differentiation (n=3,
mean + SEM, ***p<0.001).

(D) Quantitative RT-PCR comparing mRNA levels of pluripotency and differentiation
marker genes between wild-type and mutant EBs. Gene expression is normalized to Gapah
and presented as fold change relative to day0 (n=3, mean + SEM, * p<0.05, **p<0.01,
***p<0.001).

(E) Teratoma weight comparison at time of collection. Data represents the average from
three tumors in each group.

(F) Representative histology images of H&E stained teratoma sections. NB: undifferentiated
neuroblastic tissue. Cart: cartilage. Note the teratoma derived from mutant ESCs (bottom) is
full of NB with no signs of mature tissues (bone and cartilage).
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