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Abstract: 15 

Gene transcription can be activated by decreasing the duration of RNA polymerase II pausing in 16 

the promoter-proximal region, but how this is achieved remains unclear. Here we use a ‘multi-17 

omics’ approach to demonstrate that the duration of polymerase pausing generally limits the 18 

productive frequency of transcription initiation in human cells (‘pause-initiation limit’). We 19 

further engineer a human cell line to allow for specific and rapid inhibition of the P-TEFb kinase 20 

CDK9, which is implicated in polymerase pause release. CDK9 activity decreases the pause 21 

duration but also increases the productive initiation frequency. This shows that CDK9 stimulates 22 

release of paused polymerase and activates transcription by increasing the number of transcribing 23 

polymerases and thus the amount of mRNA synthesized per time. CDK9 activity is also 24 

associated with long-range chromatin interactions, suggesting that enhancers can influence the 25 

pause-initiation limit to regulate transcription. 26 

 27 

Impact Statement: 28 

CDK9 inhibition in human cells uncovers that Pol II pause duration regulates the frequency of 29 

productive transcription initiation. 30 

31 
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Introduction: 32 

Transcription in metazoan cells is often regulated at the level of promoter-proximal pausing 33 

(Core et al., 2008; Day et al., 2016; Henriques et al., 2013; Nechaev et al., 2010; Rougvie and 34 

Lis, 1988; Strobl and Eick, 1992), which can be detected by measuring the occupancy with 35 

paused Pol II by ChIP-seq (Johnson et al., 2007), GRO-seq (Core et al., 2008), (m)NET-seq 36 

(Mayer et al., 2015; Nojima et al., 2015), or PRO-seq (Kwak et al., 2013). Genes with paused 37 

Pol II are conserved across mammalian cell types and states (Day et al., 2016). The mechanisms 38 

underlying how Pol II pausing can regulate RNA transcript synthesis remain unclear. 39 

Transcription of a human protein-coding gene of average length takes at least half an 40 

hour to be completed. The duration of pausing however lies in the range of minutes (Jonkers et 41 

al., 2014) and does not considerably change the overall time it takes to complete a transcript. 42 

Thus, how can changes in the pause duration lead to synthesis of a different number of RNA 43 

transcripts per time? It has been suggested that a decreased pause duration goes along with a 44 

higher initiation frequency, because occupancy peaks for promoter-proximal Pol II can increase 45 

upon gene activation (Boehm et al., 2003) or can remain high even when pausing is impaired 46 

(Henriques et al., 2013).  47 

The height of Pol II occupancy peaks however cannot directly inform on initiation 48 

frequency or pause duration because it depends not only on the number of polymerases that pass 49 

the pause site but also on their residence time (Ehrensberger et al., 2013). A kinetic model of 50 

transcription predicted that pause duration delimits the initiation frequency and suggested that 51 

paused Pol II sterically interferes with initiation (Ehrensberger et al., 2013). Indeed, modeling 52 

reveals that a paused polymerase positioned up to around 50 bp downstream of the TSS could 53 

sterically interfere with formation of the Pol II initiation complex (Figure 1 – Figure 54 
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Supplement 1). Even if a paused polymerase is located further downstream, it may still interfere 55 

with initiation if one or more additional elongating polymerases line up behind it.  56 

The critical relationship between pausing and initiation could thus far not be tested 57 

experimentally, as no methods were available to measure initiation frequencies. A recently 58 

developed method, transient transcriptome sequencing (TT-seq) (Schwalb et al., 2016), now 59 

allows to unveil the flow of polymerases as it measures local RNA synthesis rates genome-wide 60 

at nucleotide resolution.  61 

Here we investigate whether changes in pause duration alter initiation frequency in living 62 

cells. We specifically inhibit the kinase CDK9, which facilitates Pol II pause release (Laitem et 63 

al., 2015; Marshall and Price, 1992; Peterlin and Price, 2006), and monitor RNA synthesis and 64 

initiation frequencies by TT-seq. A combination of TT-seq data with mNET-seq data allows us 65 

to derive pause durations for active genes. We conclude that the duration of pausing can control 66 

transcription initiation at human genes, and derived determinants for CDK9-dependent pause 67 

release and initiation activation. 68 

69 
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Results:  70 

 71 

CRISPR-Cas9-engineered mutation allows for specific CDK9 inhibition 72 

To specifically inhibit CDK9, we used a chemical biology approach (Lopez et al., 2014) that 73 

circumvents off-target effects of standard CDK9 inhibitors (Morales and Giordano, 2016). We 74 

introduced a CDK9 analog sensitive mutation (CDK9
as

) into human Raji B cells by CRISPR-75 

Cas9 (Methods, Figure 1 – Figure Supplement 2A-B). This allows for rapid and highly specific 76 

CDK9 inhibition with the adenine analog 1-NA-PP1 (Lopez et al., 2014), which does not have 77 

any effect on wild type cells (Figure 1 – Figure Supplement 2C). CDK9 protein levels were 78 

unchanged in CDK9
as

 mutant cells compared to wild type cells (Figure 1 – Figure Supplement 79 

2D). After 72 h of incubation with 1-NA-PP1, growth of CDK9
as

 cells ceased, whereas wild type 80 

cells grew normally (Figure 1 – Figure Supplement 2E). 81 

 82 

TT-seq monitors immediate response to CDK9 inhibition 83 

We treated CDK9
as

 cells with 5 μM of 1-NA-PP1 for 10 min and monitored changes in RNA 84 

synthesis by TT-seq (Schwalb et al., 2016), using a RNA labeling time of 5 min (Figure 1A). 85 

TT-seq data were highly reproducible (Spearman correlation coefficient 1) and monitored 86 

transcription activity before and after CDK9 inhibition (Figure 1B). CDK9 inhibition resulted in 87 

reduced TT-seq signals at the beginning of genes, indicating that less Pol II was released into 88 

gene bodies (Figure 1B, Figure 2 – Figure Supplement 1A-B). This gave rise to a ‘response 89 

window’ revealing the distance traveled by Pol II during 10 min inhibitor treatment (Figure 1C). 90 

Downstream of the response window, the TT-seq signal was largely unchanged, indicating 91 
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continued RNA synthesis from Pol II elongation complexes that had been released before CDK9 92 

inhibition.  93 

To determine the relative response of genes to CDK9 inhibition, we calculated response 94 

ratios for those transcribed units (TUs, Methods) that synthesized RNA, harbored a single TSS, 95 

and exceeded 10 kbp in length (2,538 TUs). The response ratio of TUs varied between 0 % to 96 

100 % (fully responding TUs) with a median of 58 % (Figure 1C-E). A remaining TT-seq signal 97 

in the response window likely reflects the proportion of polymerases that move to productive 98 

elongation without CDK9 kinase activity, but we cannot exclude that it stems from incomplete 99 

CDK9 inhibition. However, based on the assumption that the inhibitor is evenly distributed 100 

across cells and within, the portion of CDK9 that has not been fully inhibited must be very low. 101 

 102 

Pol II elongation velocity is gene-specific 103 

The width of the response window differs between TUs (Figure 1D) and informs on Pol II 104 

elongation velocity (Methods). The average width of the response window was 23 kbp, and thus 105 

the average elongation velocity was 2.3 kbp/min (Figure 2A-B), which agrees with previous 106 

estimates (Fuchs et al., 2014; Jonkers et al., 2014; Saponaro et al., 2014; Veloso et al., 2014). 107 

Gene-specific elongation velocities (Figure 2C, Figure 2 – Figure Supplement 1A-B) were 108 

significantly higher in TUs with longer first introns (Figure 2D, Wilcoxon rank sum test, p-value 109 

< 1.916·10
-11

), consistent with faster transcription of introns (Jonkers et al., 2014). Elongation 110 

velocity correlated positively with nucleosome density, and negatively with the stability of the 111 

DNA-RNA hybrid, CpG density and topoisomerase occupancy (Figure 2 – Figure Supplement 112 

1C). 113 

114 
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Promoter-proximal pausing occurs at sequences that give rise to weak DNA-RNA hybrids 115 

To study the kinetics of CDK9-dependent Pol II pause release, we generated mNET-seq data that 116 

map the RNA 3’-end of engaged Pol II and extracted the position of paused polymerases 117 

(Methods). mNET-seq data were highly reproducible (Spearman correlation coefficient 0.93). Of 118 

the above TUs, 2,135 (84 %) showed mNET-seq signal peaks above background (Methods). The 119 

called pause sites were distributed around a maximum located ~84 bp downstream of the TSS 120 

(Figure 3A, Figure 3 – Figure Supplement 1A). At these sites we detected an enrichment for 121 

G/C-C/G dinucleotides (Figure 3 – Figure Supplement 1B) with a strongly conserved cytosine 122 

at the RNA 3’-end (Figure 3B). We also observed a minimum of the predicted melting 123 

temperature of the DNA-RNA hybrid (Methods) immediately downstream of the pause site 124 

(Figure 3C). A weak DNA-RNA hybrid in the active center of Pol II is known to destabilize the 125 

elongation complex (Kireeva et al., 2000), and could be a major determinant for establishing the 126 

paused state. 127 

 128 

Multi-omics analysis provides pause duration d and initiation frequency I 129 

To quantify pausing, we defined the pause duration d as the time a polymerase needs to pass 130 

through a 200 bp ‘pause window’ located +/- 100 bp around the pause site. The pause duration d 131 

can now be derived from a combination of mNET-seq and TT-seq data. In particular, the mNET-132 

seq signal corresponds to the number of polymerases in the pause window, which is determined 133 

by d and by the initiation frequency I (Figure 4A) (Ehrensberger et al., 2013). Thus, d is 134 

proportional to the ratio of the mNET-seq signal over I. To calculate I we integrated TT-seq 135 

signals over exons, excluding the first exon (Methods). This provides the ‘productive initiation 136 



 

 

8 

frequency’, i.e. the number of polymerases that initiate and successfully exit from the pause 137 

window. We use the term ‘productive’ because we do not know whether there is a small fraction 138 

of polymerases terminating within the pause window. Finally, to derive absolute values of d, we 139 

scaled the reciprocal of d (the elongation velocity in the pause window) according to the 140 

elongation velocity obtained from CDK9 inhibition (Methods). 141 

We obtained a mean productive initiation frequency of 2.7 polymerases cell
-1

min
-1

, and 142 

pause durations in the range of minutes, with strong variations between TUs. The pause 143 

durations are generally consistent with reported half-lives of paused Pol II in mouse (Jonkers et 144 

al., 2014) and Drosophila cells (Buckley et al., 2014; Henriques et al., 2013) but slightly shorter. 145 

Pause durations were also consistent with kinetic modeling of TT-seq data alone. At TUs with 146 

long pause durations we observed less labeled RNA in the short region between the TSS and the 147 

pause site (Figure 4 – Figure Supplement 1). This confirms that indeed initiation frequencies 148 

are altered. It also indicates that the fraction of Pol II enzymes that terminate within the pause 149 

window is low, in agreement with previous findings (Henriques et al., 2013). For strongly 150 

CDK9-responding TUs, we obtained a significantly longer pause duration (Wilcoxon rank sum 151 

test, p-value < 10
-12

) and lower initiation frequencies (Figure 4B-C). 152 

 153 

Human genes have a ‘pause-initiation limit’ 154 

These results prompted us to ask whether the pause duration is generally related to the initiation 155 

frequency. We indeed found a robust anti-correlation between I and d in normally growing cells, 156 

and an upper boundary for combinations of I and d which we call ‘pause-initiation limit’. 157 

(Figure 4D, Figure 4 – Figure Supplement 2A). Thus, genes with shorter pausing show higher 158 

initiation frequencies and more RNA synthesis. This fundamental relationship can be verified by 159 
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calculating the pause duration 𝑑 without the initiation frequency I, �̂� (Methods, Figure 4 – 160 

Figure Supplement 2B-C, E). Repeated random shuffling of mNET-seq signal assignment to 161 

TUs abolishes the correlation between �̂� and I (Figure 4 – Figure Supplement 2D). It also 162 

shows that the observation of impossible combinations of pause duration �̂� and initiation 163 

frequency I (points above ‘pause-initiation limit’) are minimal (Figure 4 – Figure Supplement 164 

2F). In conclusion, independent mNET-seq and TT-seq data led to independent measures of 165 

pause duration and productive initiation frequency for each gene, which were then observed to 166 

be globally anti-correlated. 167 

These findings now allowed us to test directly whether longer pause durations lead to 168 

lower initiation frequencies, by analyzing TT-seq data after CDK9 inhibition. CDK9 inhibition 169 

resulted in significantly reduced labeled RNA in the short region between the TSS and the pause 170 

site (Wilcoxon rank sum test, p-value < 10
-16

) (Figure 5A-B). Productive initiation frequencies 171 

were significantly downregulated after CDK9 inhibition (Wilcoxon rank sum test, p-value < 10
-

172 

16
) (Figure 5C). Because CDK9 specifically targets paused Pol II, and not initiating polymerase, 173 

these results show that pausing limits initiation, and not the other way around. Thus, human 174 

genes have a ‘pause-initiation limit’.  175 

To monitor the occupancy of engaged Pol II we generated mNET-seq data before and 176 

after CDK9 inhibition (Methods). CDK9 inhibition resulted in increased mNET-seq signal at the 177 

beginning of genes and decreased signal in the gene body, indicating that less Pol II was released 178 

from the pause site (Figure 6A). Indeed, calculation of pause durations from mNET-seq and TT-179 

seq data after CDK9 inhibition showed that Pol II resides significantly longer at the pause site 180 

after CDK9 inhibition (Wilcoxon rank sum test, p-value < 10
-16

) (Figure 6B). Taken together, 181 
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CDK9 inhibition increases the pause duration and decreases the initiation frequency at human 182 

genes (Figure 6C-D). 183 

 184 

Determinants of promoter-proximal pausing 185 

To investigate possible reasons for polymerase pausing and its consequences, we compared 186 

different properties of TUs with long and short pause durations. For the 5’-region of TUs with 187 

longer pause durations, the transcript adopts more RNA secondary structure in vivo and in silico 188 

(Wilcoxon rank sum test, p-value < 10
-16

) (Figure 7A, Figure 7 – Figure Supplement 1A) 189 

(Rouskin et al., 2014). TUs with longer pause durations were also enriched for hyper-methylated 190 

CpG islands (Consortium, 2012) upstream of the pause site (Figure 7B), consistent with a 191 

previous report (Hendrix et al., 2008). Comparison of strongly and weakly CDK9-responding 192 

TUs around the pause site showed that TUs that responded strongly to CDK9 inhibition showed 193 

a higher tendency to establish long-range chromatin interactions (Figure 7C) as observed by Hi-194 

C (Ma et al., 2015). This is consistent with the idea that interactions of an enhancer with its 195 

target promoter can stimulate Pol II pause release (Ghavi-Helm et al., 2014; Rahl et al., 2010). 196 

This tendency however seems to be independent of the pause duration as comparing TUs with 197 

long and short pause durations leads to no observable difference in Hi-C signal. 198 

Finally, we investigated which factors preferentially occupy pause windows with longer 199 

pause durations. This is now possible because ChIP-seq signals can be normalized with the 200 

productive initiation frequency. Without such normalization, ChIP-seq derived factor 201 

occupancies are artificially high in pause windows with long pause durations (Ehrensberger et 202 

al., 2013). Correlation of such normalized ChIP-seq signals in the pause window with pause 203 

durations (Figure 7 – Figure Supplement 1B-C) resulted in a positive correlation for Pol II 204 
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phosphorylation at sites that are associated with elongation, and also for NELF-E, CDK9, and 205 

Brd4, which are all factors involved in Pol II pausing and release.206 
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Discussion: 207 

Taken together, our results show that Pol II pausing can control transcription initiation and 208 

demonstrate the central role of CDK9 in controlling pause duration and thereby the productive 209 

initiation frequency. Our results have implications for understanding gene regulation. Genes that 210 

show initiation frequencies below the pause-initiation limit may be activated by increasing the 211 

initiation frequency without changing pause duration. However, activation of genes that are 212 

transcribed at the pause-initiation limit requires a decrease in pause duration, i.e. stimulation of 213 

pause release, to enable higher initiation frequencies. We suggest that pause-controlled initiation 214 

evolved because mutations in the promoter-proximal region can change pause duration, and 215 

thereby limit initiation, but do not compromise a high initiation capacity of the core promoter 216 

around the TSS. This may have enabled the evolution of genes that remain highly inducible but 217 

can be efficiently downregulated. 218 

After our work had been completed, a publication appeared that concluded that 219 

polymerase pausing inhibits new transcription initiation (Shao and Zeitlinger, 2017). The 220 

conclusion in this paper is consistent with our general finding of an interdependency of Pol II 221 

pausing and transcription initiation, but the two studies differ in three aspects. First, we used 222 

human cells whereas the published work was conducted in Drosophila cells. Second, our work 223 

uses a multi-omics approach to enable a kinetic description, whereas the published work is based 224 

on changes in factor occupancy. Third, we selectively inhibited CDK9 using CRISPR-Cas9-225 

based engineering and chemical biology, whereas the published work used small molecule 226 

inhibitors that may target multiple kinases. Despite these differences, the general conclusion that 227 

promoter-proximal pausing of Pol II sets a limit to the frequency of transcription initiation holds 228 

for both human and Drosophila cells and is likely a general feature of metazoan gene regulation.229 
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Materials and Methods:  230 

 231 

Key Resources Table 232 

Reagent type 

(species) or 

resource 

Designation Source or 

reference 

Identifiers Additional information 

cell line (Homo 

sapiens; male) 

Raji B 

lymphocyte cells 

(wild type) 

DSMZ DSMZ Cat# ACC-319; 

RRID:CVCL_0511 

  

cell line (Homo 

sapiens; male) 

Raji B 

lymphocyte cells 

(CDK9as) 

This paper   Raji B cells were obtained 

from DSMZ Cat# ACC-

319, RRID:CVCL_0511. 

Homozygous mutation of 

F103 at the CDK9 gene loci 

in Raji B cells was 

performed using the 

CRISPR-Cas9 system. 

antibody anti-CDK9 Santa Cruz, 

Dallas, TX USA 

sc-484   

antibody anti-alpha-

tubulin 

Sigma-Aldrich, 

St. Louis, MO 

USA 

DM1A   

antibody anti-Pol II (total, 

unphos + phos) 

BIOZOL, 

Eching, 

Germany 

MABI0601   

commercial assay 

or kit 

CellTiter 96 

AQueous One 

Solution Cell 

Proliferation 

Assay (MTS) 

Promega, 

Madison, WI 

USA 

G3582   

commercial assay 

or kit 

Plasmo Test 

Mycoplasma 

Detection Kit 

InvivoGen, San 

Diego, CA USA 

rep-pt1   

commercial assay 

or kit 

Ovation 

Universal RNA-

Seq System 

NuGEN, Leek, 

The Netherlands 

0343-32   

commercial assay 

or kit 

TruSeq Small 

RNA Library 

Prep Kit 

Illumina, 

Massachusetts 

USA 

RS-200-0012   

chemical 

compound, drug 

CDK9as 

inhibitor; 1-NA-

PP1 

Calbiochem, 

EMD Millipore, 

Danvers, MA 

USA 

529579 CAS 221243-82-9 

chemical Solvent control; Sigma-Aldrich, D8418   
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compound, drug DMSO St. Louis, MO 

USA 

chemical 

compound, drug 

4-thiouracil 

(4sU) 

Sigma-Aldrich, 

St. Louis, MO 

USA 

T4509   

chemical 

compound, drug 

empigen BB 

detergent 

Sigma-Aldrich, 

St. Louis, MO 

USA 

30326   

 233 

234 
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Cell lines and cell culture. Raji B cells were obtained from DSMZ (DSMZ no.: ACC 319; 235 

RRID:CVCL_0511). CDK9
as

 Raji B cells were generated in this study by CRISPR-Cas9-based 236 

engineering of Raji B cells obtained from DSMZ (DSMZ no.: ACC 319; RRID:CVCL_0511). 237 

Raji B cells and CDK9
as

 Raji B cells were grown in RPMI 1640 medium (Thermo Fisher 238 

Scientific, Waltham, MA USA) supplemented with 10 % foetal calf serum (bio-sell, Nürnberg, 239 

Germany), 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo Fisher Scientific, 240 

Waltham, MA USA), and 2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA USA) at 241 

37 °C and 5% CO2. Cells were verified to be free of mycoplasma contamination using Plasmo 242 

Test Mycoplasma Detection Kit (InvivoGen, San Diego, CA USA). 243 

Generation of human CDK9
as

 Raji B cell line. CDK9
as

 contains a point mutation of the so-244 

called gatekeeper residue that enables the kinase active site to accept bulky ATP analogs (1-NA-245 

PP1) (4-Amino-1-tert-butyl-3-(1ʹ-naphthyl)pyrazolo[3,4-d]pyrimidine). To identify the 246 

gatekeeper residue (Lopez et al., 2014), the amino acid sequence of the human CDK9 kinase 247 

(UniProt, P50750-1) was aligned with sequences of previously characterized kinases carrying 248 

analog sensitive mutations. Multiple sequence alignment was performed with the web tool 249 

Clustal Omega 1.2.4 (Sievers et al., 2011). For the canonical isoform of CDK9, phenylalanine 250 

(F) 103 was identified as the gatekeeper residue and selected for mutation to alanine (A). 251 

Mutation of F103 at the CDK9 gene loci in Raji B cells was performed using the CRISPR-Cas9 252 

system (Doudna and Charpentier, 2014; Hsu et al., 2014) as described (Mulholland et al., 2015) 253 

with minor modifications. Briefly, the single guide RNA (sgRNA) for editing CDK9 was 254 

designed by using the web tool Optimized CRISPR design (http://crispr.mit.edu/), and was 255 

incorporated to pSpCas9(BB)-2A-GFP (PX458) vector by BpiI restriction sites (Addgene 256 

plasmid # 48138) (Ran et al., 2013). For nucleotide replacement (gttc to cgcg), 200 nt single-257 
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stranded DNA oligonucleotides (ssODNs) were synthesized by Integrated DNA Technologies 258 

(IDT, Leuven, Belgium) and used as homology-directed repair (HDR) template. A BstUI cutting 259 

site was incorporated into the HDR template for screening. The vector and HDR template were 260 

introduced into human Raji B cells using Amaxa Mouse ES Cell Nucleofector® Kit (Lonza, 261 

Basel, Switzerland) according to the manufacturer’s instructions. Two days after transfection, 262 

GFP positive cells were single cell sorted into 96 well plates using FACS Aria II instrument 263 

(Becton Dickinson, Franklin Lakes, NJ USA). After two weeks, individual colonies were 264 

expanded for genomic DNA isolation. The mutant lines were validated by PCR using respective 265 

primers, BstUI digestion (Figure 1 – Figure Supplement 2A) and DNA sequencing (Figure 1 – 266 

Figure Supplement 2B). 267 

HDR template (A103 is underlined, BstUI cutting site in small letters): 268 

AAAGTGTGTTGGGTGTGGTTTTCTTGACTTTTTCTTCTTTCTATTCCTGCCTCAGCTTC269 

CCCCTATAACCGCTGCAAGGGTAGTATATACCTGGTcgcgGACTTCTGCGAGCATGAC270 

CTTGCTGGGCTGTTGAGCAATGTTTTGGTCAAGTTCACGCTGTCTGAGATCAAGAGG271 

GTGATGCAGATGCTGCTTAACGGCCT 272 

Primers for sgRNA generation and screening: 273 

CDK9-sgRNA-F: 5’-CACCGGCTCGCAGAAGTCGAACACC-3’ 274 

CDK9-sgRNA-R: 5’-AAACGGTGTTCGACTTCTGCGAGCC-3’ 275 

CDK9-screen-F: 5’-CCCCGTAGCTGGTGCTTCCTCG-3’ 276 

CDK9-screen-R: 5’-CCCCAGCAGCCTTCATGTCCCTAT-3’ 277 

Antibodies and Western blot analysis. Proteins equivalent to 1 × 10
5
 Raji B cells were loaded 278 

in Laemmli buffer and subjected to SDS-PAGE before transfer to nitrocellulose. Unspecific 279 
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binding of antibodies was blocked by incubation of the membrane with 5 % milk in Tris-280 

buffered saline containing 1 % Tween. Primary antibodies were anti-CDK9 (sc-484) (Santa 281 

Cruz, Dallas, TX USA) and anti-α-tubulin (DM1A) (Sigma-Aldrich, St. Louis, MO USA). 282 

Fluorophore-coupled secondary antibodies (Rockland Immunochemicals Inc., Pottstown, PA 283 

USA) were used and blots were visualized using the Odyssey system (LI-COR, Lincoln, NE 284 

USA).  285 

MTS assay. Cell proliferation at increasing 1-NA-PP1 inhibitor concentrations was measured in 286 

four biological replicates using the CellTiter 96 AQueous One Solution Cell Proliferation Assay 287 

System (Promega, Madison, WI USA). Cells were seeded in a 96-well plate and increasing 288 

concentrations of 1-NA-PP1 (Calbiochem, EMD Millipore, Danvers, MA USA) or DMSO 289 

(Sigma-Aldrich, St. Louis, MO USA) were added. After 72 h, MTS tetrazolium compound was 290 

added to each well for one hour. Subsequently, the quantity of the MTS formazan product was 291 

measured as absorbance at 490 nm with a Sunrise photometer (TECAN, Männedorf, 292 

Switzerland) that was operated using the Magellan data analysis software (v7.2, TECAN, 293 

Männedorf, Switzerland). Relative signals for each concentration were calculated by dividing the 294 

signals of the CDK9
as

 inhibitor treated cells by the corresponding signals of the control. 295 

TT-seq. Two biological replicates of reactions including RNA spike-ins were performed 296 

essentially as described (Schwalb et al., 2016). Briefly, 3.3 x 10
7
 Raji B (CDK9

as
 or wild type) 297 

cells were treated for 15 minutes with solvent DMSO (control) or 5 µM of 1-NA-PP1 (CDK9
as

 298 

inhibitor). After 10 minutes of treatment, labeling was performed by adding 500 µM of 4-299 

thiouracil (4sU) (Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes at 37 °C and 5 % CO2. 300 

Cells were harvested by centrifugation at 3,000 x g for 2 min. Total RNA was extracted using 301 

QIAzol according to the manufacturer’s instructions. RNAs were sonicated to generate 302 
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fragments of <1.5 kbp using AFAmicro tubes in a S220 Focused-ultrasonicator (Covaris Inc., 303 

Woburn, MA USA). 4sU-labeled RNA was purified from 150 µg total fragmented RNA. 304 

Separation of labeled RNA was achieved with streptavidin beads (Miltenyi Biotec, Bergisch 305 

Gladbach, Germany) as described in (Schwalb et al., 2016). Prior to library preparation, 4sU-306 

labeled RNA was purified and quantified. Enrichment of 4sU-labeled RNA was analyzed by RT-307 

qPCR as described (Schwalb et al., 2016). Input RNA was treated with HL-dsDNase 308 

(ArcticZymes, Tromsø, Norway) and used for strand-specific library preparation according to the 309 

Ovation Universal RNA-Seq System (NuGEN, Leek, The Netherlands). The size-selected and 310 

pre-amplified fragments were analyzed on a Fragment Analyzer before clustering and 311 

sequencing on the Illumina HiSeq 1500. 312 

TT-seq data preprocessing and global normalization. Paired-end 50 base reads with 313 

additional 6 base reads of barcodes were obtained for each of the samples, i.e. two TT-seq 314 

replicates with 1-NA-PP1 (CDK9
as

 inhibitor) and two TT-Seq replicates with DMSO (control) 315 

treatment. Reads were demultiplexed and mapped with STAR 2.3.0 (Dobin and Gingeras, 2015) 316 

to the hg20/hg38 (GRCh38) genome assembly (Human Genome Reference Consortium). 317 

Samtools (Li et al., 2009) was used to quality filter SAM files, whereby alignments with MAPQ 318 

smaller than 7 (-q 7) were skipped and only proper pairs (-f2) were selected. Further data 319 

processing was carried out using the R/Bioconductor environment. We used a spike-in (RNAs) 320 

normalization strategy essentially as described (Schwalb et al., 2016) to allow observation of 321 

global shifts and antisense bias determination (ratio of spurious reads originating from the 322 

opposite strand introduced by the RT reactions). Read counts for spike-ins were calculated using 323 

HTSeq (Anders et al., 2015). Sequencing depth calculations did not detect global differences. 324 

Antisense bias ratios were calculated for each sample j according to 325 
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𝑐𝑗 = median
𝑖

(
𝑘𝑖𝑗

𝑎𝑛𝑡𝑖𝑠𝑒𝑛𝑠𝑒

𝑘𝑖𝑗
𝑠𝑒𝑛𝑠𝑒 ) 

for all available spike-ins i.  326 

Definition of transcription units (TUs). For each annotated gene, transcription units (TUs) 327 

were defined as the union of all existing inherent transcript isoforms (UCSC RefSeq GRCh38). 328 

Read counts for all features were calculated using HTSeq (Anders et al., 2015) and corrected for 329 

antisense bias using antisense bias ratios cj calculated as described above. The real number of 330 

read counts sij for transcribed unit i in sample j was calculated as 331 

𝑠𝑖𝑗 =
𝑆𝑖𝑗 − 𝑐𝑗𝐴𝑖𝑗

1 − 𝑐𝑗
2  

where Sij and Aij are the observed number of read counts on the sense and antisense strand. Read 332 

counts per kilobase (RPK) were calculated upon bias corrected read counts falling into the region 333 

of a transcribed unit divided by it’s length in kilobases. Based on the antisense bias corrected 334 

RPKs a subgroup of expressed TUs was defined to comprise all TUs with an RPK of 100 or 335 

higher in two summarized replicates of TT-seq without inhibitor treatment. An RPK of 100 336 

corresponds to approximately a coverage of 10 per sample due to an average fragment size of 337 

200. This subset was used throughout the analysis unless stated otherwise. 338 

Calculation of the number of transcribed bases. Aligned duplicated fragments were discarded 339 

for each sample. Of the resulting unique fragment isoforms only those were kept that exhibited a 340 

positive inner mate distance. The number of transcribed bases (tbj) for all samples was calculated 341 

as the sum of the coverage of evident (sequenced) fragment parts (read pairs only) for all 342 

fragments smaller than 500 bases in length and with an inner mate interval not entirely 343 
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overlapping a Refseq annotated intron (UCSC RefSeq GRCh38, ~ 96% of all fragments) in 344 

addition to the sum of the coverage of non-evident fragment parts (entire fragment). 345 

Size factor normalization. We first checked that no significant global shifts were detected in a 346 

comparison of two TT-seq replicates with 1-NA-PP1 (CDK9
as

 inhibitor) treatment against two 347 

TT-seq replicates with DMSO treatment (control) in the above described spike-ins normalization 348 

strategy. Then all samples were subjected to an alternative, more robust normalization procedure. 349 

For each sample j the antisense bias corrected number of transcribed bases tbj was calculated on 350 

all expressed TUs i exceeding 125 kbp in length. 50 kbp were truncated from each side of the 351 

selected TUs to avoid influence of the response to CDK9
as

 inhibition (Laitem et al., 2015). On 352 

the resulting intervals, size factors for each sample j were determined as 353 

𝜎𝑗 = median
𝑖

(
𝑡𝑏𝑖𝑗

(∏ 𝑡𝑏𝑖𝑗
𝑚
𝑣=1 )

1/𝑚
) 

where m denotes the number of samples. This formula has been adapted (Anders and Huber, 354 

2010) and was used to correct for library size and sequencing depth variations. 355 

Calculation of response ratios. For each condition j (control or CDK9
as

 inhibited) the antisense 356 

bias corrected number of transcribed bases 𝑡𝑏𝑖
𝑗
 was calculated on all expressed TUs i exceeding 357 

10 kbp in length. Of all remaining TUs only those were kept harboring one unique TSS given all 358 

Refseq annotated isoforms (UCSC RefSeq GRCh38). Response ratios were calculated for a 359 

window from the TSS to 10 kbp downstream (excluding the first 200 bp) for each TU i as 360 

𝑟𝑖 = 1 −  𝑡𝑏𝑖 [0.2 ,10 kbp]

𝐶𝐷𝐾9𝑎𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑/𝑡𝑏𝑖 [0.2 ,10 kbp]

𝐶𝑜𝑛𝑡𝑟𝑜𝑙  

where negative values were set to 0. 361 
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Estimation of robust common elongation velocity. For each condition j (control or CDK9
as

 362 

inhibited) the antisense bias corrected number of transcribed bases 𝑡𝑏𝑖
𝑗
 was calculated on all 363 

expressed TUs i with a given response ratio 𝑟𝑖, excluding the first 200 bp. All TUs were 364 

truncated by 5 kbp in length from the 3’ end prior to calculation to avoid influence of some 365 

alterations in signal around the pA site after CDK9
as

 inhibition (Laitem et al., 2015). A robust 366 

common elongation velocity estimate was calculated by finding an optimal fit for all TUs i 367 

between 25 to 200 kbp in length Li, i.e. minimizing the function 368 

𝑙𝑜𝑠𝑠 = median
𝑖

(|1 −
𝑡𝑏𝑖

𝐶𝐷𝐾9𝑎𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑

𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 −

𝑟𝑖𝑣(𝑡∗ − 𝑡)

𝐿𝑖
|) 

on the interval [0,10000] with inhibitor treatment duration t
*
 = 15 [min] and labeling duration t = 369 

5 [min], given that 370 

𝑡𝑏𝑖
𝐶𝐷𝐾9𝑎𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 − 𝑡𝑏𝑖

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 = 𝑟𝑖

𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝐿𝑖
𝑣𝑖(𝑡∗ − 𝑡) 

, i.e. the difference of transcribed bases obtained by the CDK9
as

 inhibitor treatment equals the 371 

number of transcribed bases per nucleotide 𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙/𝐿𝑖 times the number of nucleotides 372 

traveled 𝑣𝑖(𝑡∗ − 𝑡) in 𝑡∗ − 𝑡 minutes corrected by the amount of the response 𝑟𝑖. 373 

Estimation of gene-wise elongation velocity. For each condition j (control or CDK9
as

 inhibited) 374 

the antisense bias corrected number of transcribed bases 𝑡𝑏𝑖
𝑗
 was calculated on all expressed TUs 375 

i exceeding 35 kbp in length, excluding the first 200 bp. All TUs were truncated by 5 kbp in 376 

length from the 3’ end prior to calculation to avoid influence of some alterations in signal around 377 

the pA site after CDK9
as

 inhibition (Laitem et al., 2015). Of all remaining TUs only those were 378 

kept harboring one unique TSS given all Refseq annotated isoforms (UCSC RefSeq GRCh38). 379 

For each TU i with 𝑟𝑖 > 0.25 the elongation velocity vi [kbp/min] was calculated as 380 
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𝑣𝑖 =
𝑡𝑏𝑖

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑡𝑏𝑖
 𝐶𝐷𝐾9𝑎𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑

𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 ∙

𝑟𝑖

𝐿𝑖
(𝑡∗ − 𝑡)

 

with inhibitor treatment duration t
*
 = 15 [min] and labeling duration t = 5 [min]. 381 

mNET-seq. Two biological replicates of reactions including empigen BB detergent treatment 382 

during immunoprecipitation (IP) were performed essentially as described (Nojima et al., 2016; 383 

Schlackow et al., 2017), with minor modifications. Briefly, 1.6 x 10
8
 Raji B (CDK9

as
) cells were 384 

treated for 15 minutes with solvent DMSO (control) or 5 µM of 1-NA-PP1 (CDK9
as

 inhibitor). 385 

Cell fractionation was performed as described (Conrad and Orom, 2017). Isolated chromatin was 386 

digested with micrococcal nuclease (MNase) (NEB, Ipswich, MA USA) at 37 °C and 1,400 rpm 387 

for 90 sec. To inactivate MNase, EGTA was added to a final concentration of 25 mM. Digested 388 

chromatin was collected by centrifugation at 4 °C and 13,000 rpm for 5 min. The supernatant 389 

was diluted tenfold with IP buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05 % 390 

(vol/vol) NP-40, and 1 % (vol/vol) empigen BB (Sigma-Aldrich, St. Louis, MO USA). For each 391 

IP, 50 µg of Pol II antibody clone MABI0601 (BIOZOL, Eching, Germany) was conjugated to 392 

Dynabeads M-280 Sheep Anti-Mouse IgG (Thermo Fisher Scientific, Waltham, MA USA). Pol 393 

II antibody-conjugated beads were added to diluted sample. IP was performed on a rotating 394 

wheel at 4 °C for 1 hr. The beads were washed six times with IP buffer (50 mM Tris-HCl pH 7.5, 395 

150 mM NaCl, 0.05 % NP-40, and 1 % empigen BB) and once with 500 µL of PNKT buffer 396 

containing 1 x T4 polynucleotide kinase (PNK) buffer (NEB, Ipswich, MA USA) and 0.1 % 397 

(vol/vol) Tween-20 (Sigma-Aldrich, St. Louis, MO USA). Beads were incubated in 100 µL of 398 

PNK reaction mix containing 1 x PNK buffer, 0.1 % (vol/vol) Tween-20, 1 mM ATP, and T4 399 

PNK, 3’ phosphatase minus (NEB, Ipswich, MA USA) at 37 °C for 10 min. Beads were washed 400 

once with IP buffer. RNA was extracted with TRIzol reagent. RNA was precipitated with 401 
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GlycoBlue co-precipitant (Thermo Fisher Scientific, Waltham, MA USA) and resolved on 6 % 402 

denaturing acrylamide containing 7 M urea (PanReac AppliChem, Darmstadt, Germany) gel for 403 

size purification. Fragments of 35-100 nt were eluted from the gel using elution buffer 404 

containing 1 M NaOAc, 1 mM EDTA, and precipitated in ethanol. RNA libraries were prepared 405 

according to the TruSeq Small RNA Library Kit (Illumina, Massachusetts  USA) and as 406 

described (Nojima et al., 2016). The size-selected and pre-amplified fragments were analyzed on 407 

a Fragment Analyzer before clustering and sequencing on an Illumina HiSeq 2500 sequencer. 408 

mNET-seq data preprocessing and normalization. Paired-end 50 base reads with additional 6 409 

base reads of barcodes were obtained for each of the samples, i.e. mNET-seq samples with 1-410 

NA-PP1 (CDK9
as

 inhibitor) and with DMSO (control) treatment. Reads were demultiplexed and 411 

mapped with STAR 2.3.0 (Dobin and Gingeras, 2015) to the hg20/hg38 (GRCh38) genome 412 

assembly (Human Genome Reference Consortium). Samtools (Li et al., 2009) was used to 413 

quality filter SAM files, whereby alignments with MAPQ smaller than 7 (-q 7) were skipped and 414 

only proper pairs (-f2) were selected. Further data processing was carried out using the 415 

R/Bioconductor environment. Antisense bias (ratio of spurious reads originating from the 416 

opposite strand introduced by the RT reactions) was determined using positions in regions 417 

without antisense annotation with a coverage of at least 100 according to Refseq annotated genes 418 

(UCSC RefSeq GRCh38). mNET-seq coverage tracks were size factor normalized on 260 TUs 419 

that showed a response of less than 5% (𝑟𝑖 < 0.05) in the TT-seq signal upon 1-NA-PP1 420 

(CDK9
as

 inhibitor) treatment. The response ratio 𝑟𝑖 was determined as described above including 421 

also TUs with multiple TSS to extend the number of TUs for normalization. Note that variation 422 

of the response ratio cutoff and thereby the number of TUs available for normalization does 423 
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virtually not change the normalization parameters. Coverage tracks for further analysis were 424 

restricted to the last nucleotide incorporated by the polymerase in the aligned mNET-seq reads. 425 

Detection of pause sites. For all expressed TUs i exceeding 10 kbp in length with one unique 426 

TSS given all Refseq annotated isoforms (UCSC RefSeq GRCh38) the pause site m* was 427 

calculated for all bases m in a window from the TSS to the end of the first exon (excluding the 428 

last 5 bases) via maximizing the function  429 

𝜌𝑖 = max
𝑚

𝑝𝑖𝑚 

where 𝜌𝑖 needed to exceed 5 times the median of the signal strength 𝑝𝑖𝑚 for all non-negative 430 

antisense bias corrected mNET-seq coverage values (Nojima et al., 2015). Note that all provided 431 

coverage tracks were used. 432 

DNA-RNA and DNA-DNA melting temperature calculation. The gene-wise mean melting 433 

temperature of the DNA-RNA and DNA-DNA hybrid was calculated from subsequent melting 434 

temperature estimates of 8-base pair DNA-RNA and DNA-DNA duplexes tiling the respective 435 

area according to (SantaLucia, 1998; Sugimoto et al., 1995). 436 

Molecular weight conversions. The known sequence and mixture of the utilized spike-ins 437 

allows to calculate a conversion factor to RNA amount per cell [cell
-1

] given their molecular 438 

weight assuming perfect RNA extraction. The number of spike-in molecules per cell N [cell
-1

] 439 

was calculated as 440 

𝑁 =
𝑚

𝑀𝑛
𝑁𝐴 

with the number of spike-ins m 25∙10
-9

 [g], the number of cells n 3.27∙10
7
, the Avogadro 441 

constant NA 6.02214085774∙10
23

 [mol
-1

] and molar-mass (molecular weight) of the spike-ins M 442 

[g mol
-1

] calculated as 443 
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𝑀 =  𝐴𝑛 ∙ 329.2 + (1 − 𝜏) ∙ 𝑈𝑛 ∙ 306.2 +  𝐶𝑛 ∙ 305.2 +  𝐺𝑛 ∙ 345.2 

 + τ ∙ 4𝑠𝑈𝑛 ∙ 322.26 +  159 

where An, Un, Cn, Gn and 4sUn are the number of each respective nucleotide within each spike-in 444 

polynucleotide. τ is set to 0.1 in case of a labeled spike-in and 0 otherwise. The addition of 159 445 

to the molecular weight takes into account the molecular weight of a 5' triphosphate. Provided 446 

the above the conversion factor to RNA amount per cell 𝜅 [cell
-1

] can be calculated as 447 

𝜅 = mean
 

(median
𝑖

(
𝑡𝑏𝑖

𝐿𝑖 ∙ 𝑁
)) 

for all labeled spike-in species i with length Li. Note that imperfect RNA extraction efficiency 448 

would lead to an underestimation of cellular labeled RNA in comparison to the amount of added 449 

spike-ins and thus to an underestimation of initiation frequencies. In case of a strong 450 

underestimation however the real initiation frequencies would lie above the pause-initiation 451 

limit, which is theoretically impossible. Thus we assume this effect to be insignificant. 452 

Estimation of initiation frequency I. The antisense bias corrected number of transcribed bases 453 

𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 was calculated on all expressed TUs i exceeding 10 kbp in length. Of all remaining 454 

TUs only those were kept harboring one unique TSS given all Refseq annotated isoforms (UCSC 455 

RefSeq GRCh38). For each TU i the productive initiation frequency Ii [cell
-1

min
-1

], which 456 

corresponds to the pause release rate, was calculated as 457 

𝐼𝑖 =
1

𝜅
∙

𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝑡 ∙ 𝐿𝑖
 

with labeling duration t = 5 [min] and length Li. Note that 𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 and Li were restricted to 458 

regions of non-first constitutive exons (exonic bases common to all isoforms). 459 
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Estimation of pause duration d. For all expressed TUs i exceeding 10 kbp in length with one 460 

unique TSS given all Refseq annotated isoforms (UCSC RefSeq GRCh38) the pause duration di 461 

[min] was calculated as the residing time of the polymerase in a window +/- 100 bases m around 462 

the pause site (see above) as 463 

𝑑𝑖 =
∑ 𝑝𝑖𝑚+/− 100

𝐼𝑖
∙ median

𝑖
(

𝑣𝑖

𝐼𝑖𝑣𝑖(𝑡∗ − 𝑡)/ ∑ 𝑝𝑖𝑚𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

) 

with pause release rate 𝐼𝑖 and the number of polymerases 𝑝𝑖𝑚 (antisense bias corrected mNET-464 

seq coverage values (Nojima et al., 2015)) in a window +/- 100 bases around the pause site. For 465 

pause sites below 100 bp downstream of the TSS the first 200 bp of the TU were considered.  466 

Note that the right part of the formula is restricted to mNETseq instances above the 50% quantile 467 

for robustness and adjusts di to an absolute scale by comparing the CDK9 derived elongation 468 

velocities 𝑣𝑖 with those derived from combining mNET-seq and TT-seq data in the response 469 

window [200, 𝑣𝑖(𝑡∗ − 𝑡)]. 470 

Pause-initiation limit. The previously derived inequality from (Ehrensberger et al., 2013) 471 

𝑣

𝐼
≥ 50 [𝑏𝑝] 

states that new initiation events into productive elongation are limited by the velocity of the 472 

polymerase in the promoter-proximal region and that steric hindrance occurs below a distance of 473 

50 bp between the active sites of the initiating Pol II and the paused Pol II. Given the 474 

calculations of pause duration 𝑑 and (productive) initiation frequency 𝐼 above, we can 475 

reformulate this inequality to 476 

200 [𝑏𝑝]

𝑑 ∙ 𝐼
≥ 50 [𝑏𝑝] 
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with 200 [bp] being the above defined pause window. 477 

Simulation of TT-seq data based on elongation velocity profiles. Based on the following 478 

model we simulated TT-seq coverage values by providing elongation velocity profiles 𝑣(𝑡), a 479 

labeling duration  𝑡𝑙𝑎𝑏  and a uracil content dependent labeling bias 480 

𝑙𝑓 = 1 − (1 − 𝑝𝑙𝑎𝑏)#𝑢𝑓 

𝑝𝑙𝑎𝑏 denotes the labeling probability (set to 0.05) and #𝑢𝑓 the number of uracil residues of a 481 

given fragment 𝑓 (set to 0.28 times fragment length). The elongation velocity profile 𝑣(𝑡) can be 482 

used to calculate the number of elongated positions of the polymerase 𝜏(𝑡) at timepoint 𝑡 as 483 

𝜏(𝑡) = ∫ 𝑣(𝑡)𝑑𝑡
𝑡

0

 

Given the transcription start site 𝜏(0) the number of elongated positions 𝜏(𝑡) can be used to 484 

determine the end of an emerging nascent fragment 𝑓. Based on that we determined the start 485 

position of a fragment as 𝜏(max (𝑡 − 𝑡𝑙𝑎𝑏, 0)) for each labeling duration 𝑡𝑙𝑎𝑏 as the position of 486 

the polymerase at the beginning of the labeling process. Subsequently, we used the number of 487 

uracil residues present in the RNA fragment #𝑢𝑓 to weight the amount of coverage contributed 488 

by this fragment as 𝑙𝑓. Additionally, we applied a size selection similar to that in the original 489 

protocol for fragments below 80 bp in length with a sigmoidal curve that mimics a typical size 490 

selection spread. Given a pause position of 80 bp downstream of the TSS and pause duration of 1 491 

or 2 minutes we adjusted the elongation velocity profile to simulate polymerase pausing. Note 492 

that neither reasonable changes in labeling probability, size selection probability nor changes in 493 

uracil residue content change the general observation that longer pause durations induce a greater 494 

shortage of TT-seq coverage in the region between the TSS and the pause site. 495 
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Estimation of gene-wise elongation velocity (without of response ratio). For each condition j 496 

(control or CDK9
as

 inhibited) the antisense bias corrected number of transcribed bases 𝑡𝑏𝑖
𝑗
 was 497 

calculated on all expressed TUs i exceeding 35 kbp in length, excluding the first 200 bp. All TUs 498 

were truncated by 5 kb in length from the 3’ end prior to calculation to avoid influence of some 499 

alterations in signal around the pA site after CDK9
as

 inhibition (Laitem et al., 2015). Of all 500 

remaining TUs only those were kept harboring one unique TSS given all Refseq annotated 501 

isoforms (UCSC RefSeq GRCh38). For each TU i with 𝑟𝑖 > 0.25 the cumulative sums of the 502 

difference of the number of transcribed bases 𝑡𝑏𝑖
𝑗
 for each base k was calculated as 503 

𝑆0 = 0     𝑆𝑛 = 𝑆𝑛−1 + 𝑡𝑏𝑖
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑡𝑏𝑖

𝐶𝐷𝐾9𝑎𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 

starting at the unique TSS (position 0) to 𝑛 = 𝐿𝑖 the length of the TU. A elongation length 504 

estimate 𝐿𝑖
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

 was then calculated by finding an optimal fit for n between 0 to 𝐿𝑖, i.e. 505 

maximizing the function 506 

𝑔𝑎𝑖𝑛 = max
𝑛

(
𝑆𝑛 ∙ 𝐿𝑖

max
𝑛=1..𝐿𝑖

𝑆𝑛
− 𝑛 + 1) 

on the interval [0, 𝐿𝑖]. In words, finding the maximum of the cumulative sums of difference in 507 

coverage rotated 45 degrees clockwise. The elongation velocity �̂�𝑖 [kbp/min] was subsequently 508 

calculated as 509 

�̂�𝑖 =
𝐿𝑖

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

(𝑡∗ − 𝑡)
 

with inhibitor treatment duration t
*
 = 15 [min] and labeling duration t = 5 [min]. 510 
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Estimation of pause duration �̂� (without of initiation frequency). For all expressed TUs i 511 

exceeding 10 kb in length with one unique TSS given all Refseq annotated isoforms (UCSC 512 

RefSeq GRCh38) the pause duration �̂�𝑖 [min] was calculated as the residing time of the 513 

polymerase in a window +/- 100 bases m around the pause site (see above) as 514 

�̂�𝑖 =
∑ 𝑝𝑖𝑚+/− 100 ∙ 𝐿𝑖

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

∑ 𝑝𝑖𝑚𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤 ∙ �̂�𝑖
 

with elongation length estimate 𝐿𝑖
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑤𝑖𝑛𝑑𝑜𝑤

 and the number of polymerases 𝑝𝑖𝑚 (antisense bias 515 

corrected mNET-seq coverage values) in a window +/- 100 bases around the pause site. For 516 

pause sites below 100 bp downstream of the TSS the first 200 bp of the TU were considered.  517 

Note that �̂�𝑖 was adjusted to the height as 𝑑𝑖 by a single proportionality factor for visualization 518 

purposes. 519 

In vivo RNA secondary structure (DMS-seq (Rouskin et al., 2014)). The gene-wise DMS-seq 520 

coverage (300l in vivo) for a window of [-15, -65] bp upstream of the pause site was 521 

normalized by subtraction from the respective DMS-seq coverage (denatured) allowing for 522 

maximal 5% negative values which were set to 0 (sequencing depth adjustment). The gene-wise 523 

mean values were subsequently normalized by dividing with the initiation frequency. Note that 524 

the latter normalization has an insignificant effect. 525 

Prediction of RNA secondary structure. The gene-wise mean minimum free energy for a 526 

window of [-15,-65] bp upstream of the pause site was calculated from subsequent minimum free 527 

energy estimates of 13-base pair RNA fragments tiling the respective area using RNAfold from 528 

the ViennaRNA package (Lorenz et al., 2011). 529 

 530 



 

 

30 

Acknowledgments: 531 

We would like to thank Helmut Blum and Stefan Krebs (LAFUGA, LMU Munich) for 532 

sequencing. We also thank Merle Hantsche for structural modeling. We thank Julien Gagneur 533 

(Technical University of Munich) for initial discussions. HL was funded by SFB 1064 TP A17. 534 

DE was funded by SFB1064 (Chromatin Dynamics). PC was funded by Advanced Grant 535 

TRANSREGULON of the European Research Council and the Volkswagen Foundation. 536 

 537 

Competing interests: 538 

The authors declare that no competing interests exist. 539 

 540 

Accession code: 541 

The sequencing data and processed files were deposited in the GEO database under accession 542 

code GSE96056.  543 



 

 

31 

References: 544 

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count data. 545 

Genome Biol 11, R106. 546 

Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq--a Python framework to work with high-547 

throughput sequencing data. Bioinformatics 31, 166-169. 548 

Baranello, L., Wojtowicz, D., Cui, K., Devaiah, B.N., Chung, H.J., Chan-Salis, K.Y., Guha, R., 549 

Wilson, K., Zhang, X., Zhang, H., et al. (2016). RNA Polymerase II Regulates Topoisomerase 1 550 

Activity to Favor Efficient Transcription. Cell 165, 357-371. 551 

Boehm, A.K., Saunders, A., Werner, J., and Lis, J.T. (2003). Transcription factor and 552 

polymerase recruitment, modification, and movement on dhsp70 in vivo in the minutes following 553 

heat shock. Mol Cell Biol 23, 7628-7637. 554 

Buckley, M.S., Kwak, H., Zipfel, W.R., and Lis, J.T. (2014). Kinetics of promoter Pol II on 555 

Hsp70 reveal stable pausing and key insights into its regulation. Genes Dev 28, 14-19. 556 

Chen, F.X., Woodfin, A.R., Gardini, A., Rickels, R.A., Marshall, S.A., Smith, E.R., Shiekhattar, 557 

R., and Shilatifard, A. (2015). PAF1, a Molecular Regulator of Promoter-Proximal Pausing by 558 

RNA Polymerase II. Cell 162, 1003-1015. 559 

Conrad, T., and Orom, U.A. (2017). Cellular Fractionation and Isolation of Chromatin-560 

Associated RNA. Methods Mol Biol 1468, 1-9. 561 

Consortium, E.P. (2012). An integrated encyclopedia of DNA elements in the human genome. 562 

Nature 489, 57-74. 563 

Core, L.J., Waterfall, J.J., and Lis, J.T. (2008). Nascent RNA sequencing reveals widespread 564 

pausing and divergent initiation at human promoters. Science 322, 1845-1848. 565 

Day, D.S., Zhang, B., Stevens, S.M., Ferrari, F., Larschan, E.N., Park, P.J., and Pu, W.T. (2016). 566 

Comprehensive analysis of promoter-proximal RNA polymerase II pausing across mammalian 567 

cell types. Genome Biol 17, 120. 568 

Descostes, N., Heidemann, M., Spinelli, L., Schuller, R., Maqbool, M.A., Fenouil, R., Koch, F., 569 

Innocenti, C., Gut, M., Gut, I., et al. (2014). Tyrosine phosphorylation of RNA polymerase II 570 

CTD is associated with antisense promoter transcription and active enhancers in mammalian 571 

cells. Elife 3, e02105. 572 

Dobin, A., and Gingeras, T.R. (2015). Mapping RNA-seq Reads with STAR. Curr Protoc 573 

Bioinformatics 51, 11 14 11-19. 574 



 

 

32 

Doudna, J.A., and Charpentier, E. (2014). Genome editing. The new frontier of genome 575 

engineering with CRISPR-Cas9. Science 346, 1258096. 576 

Ehrensberger, A.H., Kelly, G.P., and Svejstrup, J.Q. (2013). Mechanistic interpretation of 577 

promoter-proximal peaks and RNAPII density maps. Cell 154, 713-715. 578 

Fuchs, G., Voichek, Y., Benjamin, S., Gilad, S., Amit, I., and Oren, M. (2014). 4sUDRB-seq: 579 

measuring genomewide transcriptional elongation rates and initiation frequencies within cells. 580 

Genome Biol 15, R69. 581 

Ghavi-Helm, Y., Klein, F.A., Pakozdi, T., Ciglar, L., Noordermeer, D., Huber, W., and Furlong, 582 

E.E. (2014). Enhancer loops appear stable during development and are associated with paused 583 

polymerase. Nature 512, 96-100. 584 

He, Y., Yan, C., Fang, J., Inouye, C., Tjian, R., Ivanov, I., and Nogales, E. (2016). Near-atomic 585 

resolution visualization of human transcription promoter opening. Nature 533, 359-365. 586 

Hendrix, D.A., Hong, J.W., Zeitlinger, J., Rokhsar, D.S., and Levine, M.S. (2008). Promoter 587 

elements associated with RNA Pol II stalling in the Drosophila embryo. Proc Natl Acad Sci U S 588 

A 105, 7762-7767. 589 

Henriques, T., Gilchrist, D.A., Nechaev, S., Bern, M., Muse, G.W., Burkholder, A., Fargo, D.C., 590 

and Adelman, K. (2013). Stable pausing by RNA polymerase II provides an opportunity to target 591 

and integrate regulatory signals. Mol Cell 52, 517-528. 592 

Hsu, P.D., Lander, E.S., and Zhang, F. (2014). Development and applications of CRISPR-Cas9 593 

for genome engineering. Cell 157, 1262-1278. 594 

Johnson, D.S., Mortazavi, A., Myers, R.M., and Wold, B. (2007). Genome-wide mapping of in 595 

vivo protein-DNA interactions. Science 316, 1497-1502. 596 

Jonkers, I., Kwak, H., and Lis, J.T. (2014). Genome-wide dynamics of Pol II elongation and its 597 

interplay with promoter proximal pausing, chromatin, and exons. Elife 3, e02407. 598 

Kettenberger, H., Armache, K.J., and Cramer, P. (2004). Complete RNA polymerase II 599 

elongation complex structure and its interactions with NTP and TFIIS. Mol Cell 16, 955-965. 600 

Kireeva, M.L., Komissarova, N., Waugh, D.S., and Kashlev, M. (2000). The 8-nucleotide-long 601 

RNA:DNA hybrid is a primary stability determinant of the RNA polymerase II elongation 602 

complex. J Biol Chem 275, 6530-6536. 603 

Kwak, H., Fuda, N.J., Core, L.J., and Lis, J.T. (2013). Precise maps of RNA polymerase reveal 604 

how promoters direct initiation and pausing. Science 339, 950-953. 605 



 

 

33 

Laitem, C., Zaborowska, J., Isa, N.F., Kufs, J., Dienstbier, M., and Murphy, S. (2015). CDK9 606 

inhibitors define elongation checkpoints at both ends of RNA polymerase II-transcribed genes. 607 

Nat Struct Mol Biol 22, 396-403. 608 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., 609 

Durbin, R., and Genome Project Data Processing, S. (2009). The Sequence Alignment/Map 610 

format and SAMtools. Bioinformatics 25, 2078-2079. 611 

Liu, W., Ma, Q., Wong, K., Li, W., Ohgi, K., Zhang, J., Aggarwal, A.K., and Rosenfeld, M.G. 612 

(2013). Brd4 and JMJD6-associated anti-pause enhancers in regulation of transcriptional pause 613 

release. Cell 155, 1581-1595. 614 

Lopez, M.S., Kliegman, J.I., and Shokat, K.M. (2014). The logic and design of analog-sensitive 615 

kinases and their small molecule inhibitors. Methods Enzymol 548, 189-213. 616 

Lorenz, R., Bernhart, S.H., Honer Zu Siederdissen, C., Tafer, H., Flamm, C., Stadler, P.F., and 617 

Hofacker, I.L. (2011). ViennaRNA Package 2.0. Algorithms Mol Biol 6, 26. 618 

Louder, R.K., He, Y., Lopez-Blanco, J.R., Fang, J., Chacon, P., and Nogales, E. (2016). 619 

Structure of promoter-bound TFIID and model of human pre-initiation complex assembly. 620 

Nature 531, 604-609. 621 

Ma, W., Ay, F., Lee, C., Gulsoy, G., Deng, X., Cook, S., Hesson, J., Cavanaugh, C., Ware, C.B., 622 

Krumm, A., et al. (2015). Fine-scale chromatin interaction maps reveal the cis-regulatory 623 

landscape of human lincRNA genes. Nat Methods 12, 71-78. 624 

Marshall, N.F., and Price, D.H. (1992). Control of formation of two distinct classes of RNA 625 

polymerase II elongation complexes. Mol Cell Biol 12, 2078-2090. 626 

Mayer, A., di Iulio, J., Maleri, S., Eser, U., Vierstra, J., Reynolds, A., Sandstrom, R., 627 

Stamatoyannopoulos, J.A., and Churchman, L.S. (2015). Native elongating transcript sequencing 628 

reveals human transcriptional activity at nucleotide resolution. Cell 161, 541-554. 629 

Morales, F., and Giordano, A. (2016). Overview of CDK9 as a target in cancer research. Cell 630 

Cycle 15, 519-527. 631 

Mulholland, C.B., Smets, M., Schmidtmann, E., Leidescher, S., Markaki, Y., Hofweber, M., Qin, 632 

W., Manzo, M., Kremmer, E., Thanisch, K., et al. (2015). A modular open platform for 633 

systematic functional studies under physiological conditions. Nucleic Acids Res 43, e112. 634 



 

 

34 

Nechaev, S., Fargo, D.C., dos Santos, G., Liu, L., Gao, Y., and Adelman, K. (2010). Global 635 

analysis of short RNAs reveals widespread promoter-proximal stalling and arrest of Pol II in 636 

Drosophila. Science 327, 335-338. 637 

Nojima, T., Gomes, T., Carmo-Fonseca, M., and Proudfoot, N.J. (2016). Mammalian NET-seq 638 

analysis defines nascent RNA profiles and associated RNA processing genome-wide. Nat Protoc 639 

11, 413-428. 640 

Nojima, T., Gomes, T., Grosso, A.R., Kimura, H., Dye, M.J., Dhir, S., Carmo-Fonseca, M., and 641 

Proudfoot, N.J. (2015). Mammalian NET-Seq Reveals Genome-wide Nascent Transcription 642 

Coupled to RNA Processing. Cell 161, 526-540. 643 

Peterlin, B.M., and Price, D.H. (2006). Controlling the elongation phase of transcription with P-644 

TEFb. Mol Cell 23, 297-305. 645 

Plaschka, C., Hantsche, M., Dienemann, C., Burzinski, C., Plitzko, J., and Cramer, P. (2016). 646 

Transcription initiation complex structures elucidate DNA opening. Nature 533, 353-358. 647 

Rahl, P.B., Lin, C.Y., Seila, A.C., Flynn, R.A., McCuine, S., Burge, C.B., Sharp, P.A., and 648 

Young, R.A. (2010). c-Myc regulates transcriptional pause release. Cell 141, 432-445. 649 

Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., and Zhang, F. (2013). Genome 650 

engineering using the CRISPR-Cas9 system. Nat Protoc 8, 2281-2308. 651 

Robinson, P.J., Trnka, M.J., Bushnell, D.A., Davis, R.E., Mattei, P.J., Burlingame, A.L., and 652 

Kornberg, R.D. (2016). Structure of a Complete Mediator-RNA Polymerase II Pre-Initiation 653 

Complex. Cell 166, 1411-1422 e1416. 654 

Rougvie, A.E., and Lis, J.T. (1988). The RNA polymerase II molecule at the 5' end of the 655 

uninduced hsp70 gene of D. melanogaster is transcriptionally engaged. Cell 54, 795-804. 656 

Rouskin, S., Zubradt, M., Washietl, S., Kellis, M., and Weissman, J.S. (2014). Genome-wide 657 

probing of RNA structure reveals active unfolding of mRNA structures in vivo. Nature 505, 701-658 

705. 659 

SantaLucia, J., Jr. (1998). A unified view of polymer, dumbbell, and oligonucleotide DNA 660 

nearest-neighbor thermodynamics. Proc Natl Acad Sci U S A 95, 1460-1465. 661 

Saponaro, M., Kantidakis, T., Mitter, R., Kelly, G.P., Heron, M., Williams, H., Soding, J., 662 

Stewart, A., and Svejstrup, J.Q. (2014). RECQL5 controls transcript elongation and suppresses 663 

genome instability associated with transcription stress. Cell 157, 1037-1049. 664 



 

 

35 

Schlackow, M., Nojima, T., Gomes, T., Dhir, A., Carmo-Fonseca, M., and Proudfoot, N.J. 665 

(2017). Distinctive Patterns of Transcription and RNA Processing for Human lincRNAs. Mol 666 

Cell 65, 25-38. 667 

Schwalb, B., Michel, M., Zacher, B., Fruhauf, K., Demel, C., Tresch, A., Gagneur, J., and 668 

Cramer, P. (2016). TT-seq maps the human transient transcriptome. Science 352, 1225-1228. 669 

Shao, W., and Zeitlinger, J. (2017). Paused RNA polymerase II inhibits new transcriptional 670 

initiation. Nat Genet. 671 

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H., 672 

Remmert, M., Soding, J., et al. (2011). Fast, scalable generation of high-quality protein multiple 673 

sequence alignments using Clustal Omega. Mol Syst Biol 7, 539. 674 

Strobl, L.J., and Eick, D. (1992). Hold back of RNA polymerase II at the transcription start site 675 

mediates down-regulation of c-myc in vivo. EMBO J 11, 3307-3314. 676 

Sugimoto, N., Nakano, S., Katoh, M., Matsumura, A., Nakamuta, H., Ohmichi, T., Yoneyama, 677 

M., and Sasaki, M. (1995). Thermodynamic parameters to predict stability of RNA/DNA hybrid 678 

duplexes. Biochemistry 34, 11211-11216. 679 

Veloso, A., Kirkconnell, K.S., Magnuson, B., Biewen, B., Paulsen, M.T., Wilson, T.E., and 680 

Ljungman, M. (2014). Rate of elongation by RNA polymerase II is associated with specific gene 681 

features and epigenetic modifications. Genome Res 24, 896-905. 682 

  683 



 

 

36 

Figure legends: 684 

Figure 1. CDK9 inhibition decreases RNA synthesis in the 5’-region of genes. (A) 685 

Experimental design. TT-seq was carried out with CDK9
as

 cells after treatment with solvent 686 

DMSO (control) or 1-NA-PP1 (CDK9
as

 inhibited). (B) TT-seq signal before (black) and after 687 

(red) CDK9 inhibition at the ABHD17C gene locus (75,937 [bp]) on chromosome 15. Two 688 

biological replicates were averaged. The grey box depicts the transcript body from the 689 

transcription start site (TSS, black arrow) to the polyA site (pA). (C) Schematic representation of 690 

changes in TT-seq signal showing the definition of the response window. Colors are as in (B). 691 

(D) Metagene analysis comparing the average TT-seq signal before and after CDK9 inhibition. 692 

The TT-seq coverage was averaged for 954 out of 2,538 investigated TUs that exceed 50 [kbp] 693 

in length (Methods). TUs were aligned with their TSS. Shaded areas around the average signal 694 

(solid lines) indicate confidential intervals (Methods). (E) Violin plot showing the relative 695 

response to CDK9 inhibition for 2,538 investigated TUs defined as 1 - (CDK9
as

 inhibited / 696 

Control) ∙100 for a window from the TSS to 10 [kbp] downstream, excluding the first 200 [bp] 697 

(C). A red line indicates the median response (58 %). 698 

 699 

Figure 2. Pol II elongation velocity. (A) Schematic representation of observed response 700 

window of TT-seq signal with CDK9
as

 inhibitor (red) or control (black) for TUs of three 701 

different length classes (short TUs < 25 [kbp], medium-length TUs 25 – 50 [kbp] and long TUs 702 

> 100 [kbp]). (B) Scatter plot of the ratio of transcribed bases (CDK9
as

 inhibited/control) 703 

(Methods) against the length of the TUs in nucleotides [kbp] revealed that the schematic 704 

representation in (A) holds true for 2,443 investigated TUs (Methods). Modeling of the observed 705 

relation allows estimation of a robust average elongation velocity of 2.3 [kbp/min] (solid black 706 
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line, Methods). (C) Distribution of gene-wise elongation velocity depicted as a histogram (mean 707 

2.7 [kbp/min], median 2.4 [kbp/min]). (D) Distributions of elongation velocity [kbp/min] 708 

depicted for 513 TUs with short first intron (< 50 % quantile, left) and 514 TUs with long first 709 

intron (> 50 % quantile, right). 710 

 711 

Figure 3. Distribution and sequence of promoter-proximal pause sites. (A) Distribution of 712 

pause site distance from the TSS for 2,135 investigated TUs depicted as a histogram (mean 128 713 

[bp], median 112 [bp], mode 84 [bp]). Two biological replicates were averaged. (B) Position 714 

weight matrix (PWM) logo representation of bases at positions –10 to +10 [bp] around the pause 715 

site (position 0). (C) Mean melting temperature of the DNA-RNA and DNA-DNA hybrid 716 

aligned at the TSS and the pause site (signal between the TSS and the pause site is scaled to 717 

common length of 100 [bp]). Shaded areas around the average signal (solid lines) indicate 718 

confidence intervals. 719 

 720 

Figure 4. Pol II pausing generally limits transcription initiation (‘pause-initiation limit’). 721 

(A) Schematic representation of polymerase flow in the promoter-proximal region. The mNET-722 

seq signal (top) is the ratio of the initiation frequency I over the elongation velocity v. The TT-723 

seq signal (bottom) corresponds to initiation frequency I. Thus, v can be derived from the ratio of 724 

the TT-seq over the mNET-seq signal, and the reciprocal of v in the pause window corresponds 725 

to the pause duration d. (B) Distributions of gene-wise pause duration d [min] for TUs with a 726 

CDK9 response ratio > 75% quantile (574 TUs) and TUs with a response ratio < 25% quantile 727 

(469 TUs). (C) Distributions of gene-wise initiation frequency I [cell
-1

min
-1

] for TUs with a 728 
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CDK9 response ratio > 75% quantile (635 TUs) and TUs with a response ratio < 25% quantile 729 

(635 TUs). (D) Scatter plot between the initiation frequency I [cell
-1

min
-1

] and the pause duration 730 

d [min] for 2,135 common TUs with color-coded density estimation. The grey shaded area 731 

depicts impossible combinations of I and d according to published kinetic theory (Ehrensberger 732 

et al., 2013) and assuming that steric hindrance occurs below a distance of 50 [bp] between the 733 

active sites of the initiating Pol II and the paused Pol II. 734 

 735 

Figure 5. Increasing Pol II pause duration decreases the frequency of transcription 736 

initiation. (A) Schematic representation of observed decrease in TT-seq signal upon CDK9 737 

inhibition, upstream and downstream of the pause site. (B) Distributions of gene-wise mean TT-738 

seq signals in the region between the TSS and the pause site, before (control) and after CDK9 739 

inhibition, normalized to the initiation frequency before CDK9 inhibition. (C) Distributions of 740 

gene-wise initiation frequencies before (control) and after CDK9 inhibition. 741 

 742 

Figure 6. CDK9 inhibition leads to increased pause duration. (A) Metagene analysis 743 

comparing the average mNET-seq signal before and after CDK9 inhibition. Two biological 744 

replicates were averaged. The mNET-seq coverage was averaged for 2,538 investigated TUs 745 

(Methods). TUs were aligned with their TSS. Shaded areas around the average signal (solid 746 

lines) indicate confidentiality intervals (Methods). (B) Distributions of gene-wise pause duration 747 

d [min] before (control) and after CDK9 inhibition. (C) Scatter plot between the initiation 748 

frequency I [cell
-1

min
-1

] and the pause duration d [min] after CDK9 inhibition for 2,135 common 749 

TUs with color-coded density estimation. The grey shaded area depicts impossible combinations 750 

of I and d (Ehrensberger et al., 2013) assuming that steric hindrance occurs below a distance of 751 
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50 [bp] between the active sites of the initiating Pol II and the paused Pol II. (D) Schematic of 752 

changes in pause duration (d) and initiation frequency (I) upon CDK9 inhibition. As a 753 

consequence, data points in panel (D) are moved to the left and upwards. 754 

 755 

Figure 7.  Determinants of CDK9-dependent promoter-proximal pausing. (A) Distribution 756 

of gene-wise mean in vivo DMS-seq signals (detecting RNA secondary structure) for a window 757 

between -65 and -15 [bp] upstream of the pause site for TUs with long pause durations (pause 758 

duration > 75% quantile, 534 TUs) and with short pause durations (pause duration < 25% 759 

quantile, 534 TUs) normalized to denatured DMS-seq coverage (Methods). (B) Metagene 760 

analysis comparing the average Bisulfite-seq signal (detecting methylated DNA) for subsets as in 761 

(A) aligned at the pause site (red, long pause duration, and black, short pause duration). Shaded 762 

areas around the average signal (solid lines) indicate confidence intervals. (C) Metagene analysis 763 

comparing the average Hi-C signal (detecting long-range chromatin interactions) for strongly 764 

CDK9-responding TUs (red, response ratio > 75% quantile, 552 TUs) and weakly CDK9-765 

responding TUs (black, response ratio < 25% quantile, 440 TUs) aligned at the pause site. 766 

Shaded areas around the average signal (solid lines) indicate confidence intervals (Methods, 767 

Supplementary File 1). 768 

  769 
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Figure 1 – Figure Supplement 1. Model of a paused polymerase positioned up to around 50 770 

bp downstream of the TSS. Modeling shows that paused Pol II (silver, right) positioned 50 bp 771 

downstream of the transcription start site (TSS) allows for formation of the Pol II initiation 772 

complex (different colors, left). Shorter distances between the active sites of paused and 773 

initiating Pol II are predicted to lead to steric clashes. Modeling is based on the latest structural 774 

information (Mediator EMD-8307 (Robinson et al., 2016), TFIID EMD-3305 (Louder et al., 775 

2016), TFIIH EMD EMD-3307 (He et al., 2016), closed complex PDB-code 5FZ5 (Plaschka et 776 

al., 2016), EC PDB-code 1WCM (Kettenberger et al., 2004)). 777 

 778 

Figure 1 – Figure Supplement 2. CRISPR-Cas9 directed engineering, cellular and 779 

biochemical characterization of CDK9
as

 Raji B cell line. (A) BstUI restriction enzyme 780 

recognition site used for screening is indicated in the HDR template sequence (highlighted in 781 

red). Agarose gels of screening PCRs followed by restriction digest with BstUI of wild type (wt) 782 

and CDK9
as

 (as) Raji B cell line. (B) Validation of CDK9
as

 Raji B cell line by sequencing. 783 

(C) Log fold change upon 1-NA-PP1 treatment (5 µM for 15 min) versus the normalized mean 784 

read count across replicates and conditions for wild type Raji B cells (left panel) and CDK9
as

 785 

Raji B cells (right panel). Significantly up- or downregulated TUs (adjusted p-value < 0.01) are 786 

marked in red. (D) Wild type and CDK9
as

 Raji B cells were treated with 10 µM of 1-NA-PP1 for 787 

15 minutes or 2 hours. DMSO was used as control. Stable CDK9 protein levels were detected by 788 

Western blotting (Methods). α-Tubulin was used as loading control. (E) Cell proliferation at 789 

increasing 1-NA-PP1 inhibitor concentrations (log scale) was determined using a colorimetric 790 

assay based on MTS metabolization (Methods). Cell proliferation of CDK9
as

 Raji B cells was 791 

dramatically reduced by > 50% when 1-NA-PP1 concentrations of 5 µM (indicated with dashed 792 
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red line) or higher were used, whereas wild type Raji B cells were largely unaffected. Error bars 793 

indicate the standard deviation (n=4). 794 

 795 

Figure 2 – Figure Supplement 1. Example genome browser views of TT-seq signals in 796 

CDK9
as

 cells with estimated response window and genomic features correlating with 797 

elongation velocity. (A) YWHAQ gene locus (47,042 [bp]) on chromosome 2. The upper panel 798 

shows TT-seq signal with CDK9
as

 inhibitor (red) and control (black). Grey box depicts transcript 799 

body from transcription start site (TSS, black arrow) to polyA site (pA). Lower panel shows the 800 

difference of TT-seq signal (control – CDK9
as

 inhibited in blue). Black rectangle depicts the 801 

estimated response window according to elongation velocity estimate (Methods). (B) HEATR3 802 

gene locus (40,446 [bp]) on chromosome 16 depicted as in (A). (C) Color encoded Spearman 803 

correlation coefficients (color encoded, -0.45 in blue to 0.21 in red) of elongation velocity 804 

[kbp/min] against genomic features and measures of transcriptional context (Methods, 805 

Supplementary File 1). 806 

 807 

Figure 3 – Figure Supplement 1. Features of underlying DNA sequence around promoter-808 

proximal pause sites. (A) Distributions of pause site depicted as densities for TUs with a 809 

response ratio > 75% quantile (574 TUs, red) and TUs with a response ratio < 25% quantile (469 810 

TUs, black). (B) Plot showing the top 5 enriched 2-mers found by comparing the frequency of all 811 

possible 2-mers in a window of +/- 10 bp around the estimated pause site for fixed positions. 812 

Testing was done via Fisher’s exact test against the (background) frequency of the respective 2-813 

mer obtained from a window of the same size shifted 500 bp downstream. The respective p-814 

values and odd-ratios are given in the left and right panel. 815 
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 816 

Figure 4 – Figure Supplement 1. A longer pause duration but not promoter-proximal 817 

termination of polymerase leads to shortage of labeled RNA in the region between TSS and 818 

pause site. (A) Simulation of labeled RNA fragments synthesized in 5 min labeling duration 819 

(TT-seq fragments depicted for polymerases with a distance corresponding to 40 seconds of 820 

elongation, middle panel) for a pause site 80 bp downstream of the TSS with a given elongation 821 

velocity profile [bp min
-1

] comprising a pause duration of 1 min (upper panel) and a initiation 822 

frequency of 0.5 [cell
-1

min
-1

]. Lower panel shows the resulting TT-seq coverage. Shorter 823 

fragments have a higher probability to escape labeled RNA purification and can not be recovered 824 

fully. (B) Simulation of labeled RNA fragments as in (A) with two times the initiation frequency 825 

(1 [cell
-1

min
-1

]) and a promoter-proximal termination of every second polymerase. The resulting 826 

TT-seq coverage (lower panel) shows less effect (higher coverage) upstream of the pause site. 827 

For reasons of simplicity the promoter-proximal termination of every second polymerase is 828 

modeled by overlaying two simulation instances with an initiation frequency of 0.5 [cell
-1

min
-1

]. 829 

One as in (A) and one with a constantly terminating polymerase. Note that polymerases that 830 

terminate in the pause window do not contribute signal to the region downstream of the pause 831 

site. (C) Simulation of labeled RNA fragments as in (A) with a pause duration of 2 min (upper 832 

panel) leading to a greater shortage of labeled RNA in the region between the TSS and the pause 833 

site. (D) Schematic representation of coverage ratio calculation for real TT-seq coverage. (E) 834 

Distributions of gene-wise uridine content in the region between the TSS and the pause site for 835 

TUs with a response ratio > 75% quantile (603 TUs) and TUs with a response ratio < 25% 836 

quantile (527 TUs). (F) Distributions of gene-wise mean real TT-seq signal in the region 837 

between the TSS and the pause site normalized to initiation frequency for subsets as in (E). 838 
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 839 

Figure 4 – Figure Supplement 2. Verification of anti-correlation between initiation 840 

frequency I and pause duration d including ‘pause-initiation limit’. (A) Scatter plot 841 

comparing the initiation frequency [cell
-1

min
-1

] against the pause duration [min] for 2,135 842 

common TUs with color encoding according to mNETseq signal strength (weak in white to 843 

strong in blue). The grey shaded area depicts impossible combinations of I and d according to 844 

published kinetic theory (Ehrensberger et al., 2013) and assuming that steric hindrance occurs 845 

below a distance of 50 bp between the active sites of the initiating Pol II and the paused Pol II. 846 

(B) Schematic representation of polymerase flow in the promoter-proximal region. The number 847 

of polymerases in a region of interest (mNET-seq signal, top) corresponds to the average 848 

elongation velocity v in that region. The width of the response window (TT-seq signal, bottom) 849 

informs on Pol II elongation velocity v. The pause duration �̂� can be derived (without the 850 

initiation frequency I) as the reciprocal of v in the pause window. The elongation velocity v in 851 

the pause window relates directly to v in the response window which can be adjusted to the 852 

elongation velocity obtained from CDK9 inhibition (Methods). (C) Scatter plot revealing an anti-853 

correlation between the initiation frequency I [cell
-1

min
-1

] and the pause duration �̂� [min] for 974 854 

common TUs with color-coded density estimation (Spearman correlation coefficient -0.3). The 855 

grey shaded area depicts impossible combinations of I and �̂� according to published kinetic 856 

theory (Ehrensberger et al., 2013). (D) Density showing the spearman correlation coefficient of 857 

pause duration �̂� and initiation frequency I for repeated randomly shuffled mNET-seq signal 858 

assignment to TUs. Original spearman correlation coefficient is indicated with a red line. (E) 859 

Distributions of gene-wise pause duration �̂� [min] for TUs with a CDK9 response ratio > 75% 860 

quantile (155 TUs) and TUs with a response ratio < 25% quantile (271 TUs). (F) Density 861 
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showing the number of impossible combinations of pause duration �̂� and initiation frequency I 862 

(above pause-initiation limit) for repeated randomly shuffled mNET-seq signal assignment to 863 

TUs. Original observation is indicated with a red line. 864 

 865 

Figure 7 – Figure Supplement 1. Features of promoter-proximal pausing. (A) Distributions 866 

of gene-wise mean minimum free energy (Methods) for a window of [-15, -65] bp upstream of 867 

the pause site for TUs with long pause durations (pause duration > 75% quantile, 534 TUs) and 868 

TUs with short pause durations (pause duration < 25% quantile, 534 TUs). (B) Heatmap showing 869 

the pairwise Spearman correlation (color encoded, -0.12 in blue to 0.15 in red) using ChIP 870 

measurements of Pol II phospho-isoforms S2P, S5P, S7P and T1P in the pause window against 871 

the pause duration in three different variants: ChIP measurements normalized to productive 872 

initiation rate (initiation rate), normalized to total Pol II (Pol II), raw signal (raw). (C) Heatmap 873 

as in (B) using ChIP measurements of CDK9, NELFe and Brd4 (color encoded, -0.19 in blue to 874 

0.22 in red) (Supplementary File 1). 875 

 876 

Supplementary File 1. Published datasets used for analysis. Note that the conclusions we 877 

draw across different cell-lines are all based on metagene analysis, involving from 500 up to 878 

more than 2000 genes. Thus, we assume cell-line specific differences to have an insignificant 879 

influence and that the tendencies we observe rather suggest strong conservation. 880 
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Pausing induced shortage
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