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ABSTRACT

The effects of rapid acute depletion of components of
RNA polymerase Il (Pol IlI) general transcription fac-
tors (GTFs) that are thought to be critical for forma-
tion of preinitiation complexes (PICs) and initiation
in vitro were quantified in HAP1 cells using preci-
sion nuclear run-on sequencing (PRO-Seq). The av-
erage dependencies for each factor across >70 000
promoters varied widely even though levels of deple-
tions were similar. Some of the effects could be at-
tributed to the presence or absence of core promoter
elements such as the upstream TBP-specificity motif
or downstream G-rich sequences, but some depen-
dencies anti-correlated with such sequences. While
depletion of TBP had a large effect on most Pol Il pro-
moters only a small fraction of Pol Il promoters were
similarly affected. TFIIB depletion had the largest
general effect on Pol Il and also correlated with appar-
ent termination defects downstream of genes. Our
results demonstrate that promoter activity is com-
binatorially influenced by recruitment of TFIID and
sequence-specific transcription factors. They also
suggest that interaction of the preinitiation complex
(PIC) with nucleosomes can affect activity and that
recruitment of TFIID containing TBP only plays a pos-
itive role at a subset of promoters.

INTRODUCTION

The synthesis of pre-mRNA in eukaryotic cells is widely be-
lieved to begin with the assembly of the Pol I1 PIC over pro-
moter sequences (1). The pathway for PIC assembly in vitro
on linear DNA templates bearing TATA elements is well es-
tablished for the minimum set of required GTFs (1-6). Tem-
plate recognition begins with TBP binding to an upstream
TATA element stabilized by TFIIA and TFIIB (7,8). Pol 11
and TFIIF then join the complex, which is completed by

loading TFIIE and finally TFIIH. In the absence of nega-
tive superhelical tension in the template, the XPB subunit
of TFIIH is needed to convert the closed PIC to open com-
plex in an ATP-dependent manner (9). However, the precise
role of XPB in metazoans is puzzling because inhibition of
XPB by triptolide blocks initiation in vitro and in cells but
elimination of XPB does not seem to have a major impact
on Pol II transcription (10).

While this assembly pathway with the minimal GTF set
is clear, it has long been appreciated that the large majority
of Pol II promoters lack canonical TATA elements (11-14).
PIC assembly in those cases has been at least partially at-
tributed to promoter interactions of TFIID, the complex of
TBP with 13 additional TBP-associated factors (TAFs). In
metazoans, TBP generally participates in Pol II transcrip-
tion through TFIID and not as free TBP (15). In vitro stud-
ies showed that TFIID protects TATA-containing promoter
DNA from ~40 bp upstream of the transcription start site
(TSS) to 35 bp downstream of the TSS. Consistent with the
potential importance of the downstream contacts in pro-
moter recognition, consensus clements from roughly +25
to +35 have been described in human (16) and other meta-
zoan Pol II promoters (17). Recent studies have shown that
a distinctive sequence signature spanning the TFIID foot-
print is a common feature of human Pol II promoters (18).
Nuclease protection experiments also show that the human
Pol IT PIC in vivo protects the sequences TFIID protects in
vitro, regardless of the presence of a TATA element (19).
Comprehensive cryo-EM analyses demonstrate that com-
plete Pol IT PICs assembled with TFIID on both TATA and
TATA-less promoters all have the dimensions reported from
earlier in vitro and in vivo studies (3,4,6,20-22).

This clear picture of the single structure of the Pol II PIC
is, however, not in complete agreement with other work.
TBP is apparently present at all Pol II promoters in vivo
and in all reported PIC structures (3), but an earlier study
showed that Pol II promoter recognition in vitro need not
require TBP, even for a TATA promoter (23). Those results
relied on the ability to prepare subcomplexes of TFIID that
function in transcription but lack TBP as well as some of the
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TAFs. Another study showed that transcription of a TATA-
less promoter in Drosophila requires TAFs 1 and 4 (24).
TBP and a subset of TAFs can also be found in the SAGA
complex that associates with promoters in yeast, but SAGA
is now regarded as a co-activator that is not involved in pro-
moter recognition itself (25,26).

The +1 nucleosome is located downstream of active hu-
man Pol II promoters. A recent study in human cells re-
ported an average upstream boundary for that nucleosome
of +42 relative to the TSS (18). The proximity of the +1
nucleosome to the downstream edge of TFIID in the PIC
suggests the possibility that the nucleosome could be in-
volved in directing PIC assembly. Consistent with this, it
was recently shown by nuclease protection that a signifi-
cant subset of human PICs are directly abutted to the +1
nucleosome (19). Earlier reports indicated that interaction
of TAFs with modified histones in the +1 nucleosome can
facilitate PIC assembly (27,28). All of these observations
raise the possibility that PIC assembly at some promoters,
particularly those most dependent on downstream TFIID-
DNA contacts, may in part depend on +1 nucleosome in-
teractions. After initiation, Pol IT advances to the proximal
paused state, controlled in part by the +1 nucleosome and
the action of NELF and DSIF (29). A fraction of the paused
complexes are released into productive elongation through
phosphorylation of DSIF and NELF by P-TEFb (30). P-
TEFD activity is controlled by regulated association with
the 7SK snRNP (31). Any condition that leads to an inhi-
bition of elongation leads to release of P-TEFb from the
snRNP in an apparent compensatory mechanism (31).

Many unanswered questions remain on the relative roles
of various GTFs and promoter sequence elements in di-
recting the assembly of the human Pol II PIC and sub-
sequent initiation. However, due to their indispensabil-
ity for cell survival, the functions of the GTFs have not
been well characterized in cells. To circumvent this limita-
tion, we have successfully employed the proteolysis target-
ing chimeras (PROTAC) system to achieve rapid depletion
of TBP, TAF1, TFIIB and XPB in human cells following
the addition of the heterobifunctional degrader dTAGV-1
(32). Following selective degradation of each factor, we per-
formed PRO-Seq to quantify nascent transcripts generated
by all three active RNA polymerases. We determined the
sequence composition surrounding promoters as a func-
tion of dependency on each factor for transcription. This
allowed us to assess the functional relationships among
promoter occupancy of TBP, the PIC and adjacent nucle-
osomes. Furthermore, we also analyzed the interplay be-
tween GTF dependency and the presence near promoters
of recognition sites for selected sequence-specific transcrip-
tion factors (TFs).

MATERIALS AND METHODS
Genome editing with CRISPR/Cas9

HAP1 cells were grown to 80% confluence in T-25 flasks
at 37°C and 5% CO; in IMDM (Gibco 12440053) sup-
plemented with 10% FBS (Gibco 26140079). gRNAs were
made by mixing 200 pM tracrRNA (IDT 1072532) and
200 wM of gene-specific crRNA (Supplementary Data File)

with homology to the C-terminus of human TBP, TAF1,
TAF4, TFIIB or XPB in nuclease-free duplex buffer (IDT
11010301) at 95°C for 5 min. RNP complexes were formed
by combining gRNA (180 pmol) and HiFi Cas9 (60 pmol;
IDT 1081060) at 37°C for 10 min. Donor templates were
made by converting double-stranded-gBlock gene fragment
(IDT) containing the FKBP12F3¢V sequence flanked by
gene-specific homology arms to ssDNA (Takara 632666).
A total of 200 000 cells (counted with Countess II FL
ThermoFisher A27274) were electroporated in a Lonza 4D-
Nucleofector using the EH-100 program with the RNP and
ssDNA donor template (>5 pg). Cells were plated in a 24-
well plate (Corning 3524) containing equilibrated IMDM
and 30 wM HDR enhancer (IDT 1081072) for 24 h at 37°C
and 5% CO, after which the media was replaced with fresh
IMDM only. Cells were allowed to recover for 5 days before
they were trypsinized, counted and diluted in a 50 ml coni-
cal tube with IMDM to 1 cell/ml. Cells were plated in a 96-
well plate (Corning 3988) at 37°C and 5% CO, for 7 days.
DNA from colonies formed by individual clones was iso-
lated with QuickExtract (Lucigen QE09050) and genome
editing was assessed by PCR (Supplementary Data File)
and western blot. Clones were expanded and frozen at —
80°C.

PRO-Seq

HAPI cells were grown to 80% confluence in T-150 flasks
at 37°C and 5% CO; in IMDM (Gibco 12440053) supple-
mented with 10% FBS (Gibco 26140079). The Sf21 moth
cell line was used for spike-in controls. These cells were in-
cubated at 27°C in Sf-900 III SFM (Gibco 12658019). Nu-
clei isolations and PRO-Seq were performed as previously
described (33,34). Briefly, dTAG"-1 (a gift from Nathanael
S. Gray) was dissolved in DMSO and dTAGV-1 or DMSO
only were added to HAP1 cells for 2 h prior to harvesting
(the final concentration for DMSO was 0.1% and final con-
centration of dTAGV-1 was 400 nM). Two biological repli-
cates were used for each treatment. However, one of the du-
plicates for TAF4 was lost during preparation. Just before
completion of treatments of HAP1 cells, we prepared spike-
in control moth cells by washing the cells with ice-cold PBS
and lysing them with fresh lysis buffer (20 mM HEPES pH
7.6, 1% IGEPAL CA-630, | mM EDTA, 1 mM spermine,
1 mM spermidine, 1 mM DTT, 0.004 U/l SUPERase-In
[Ambion AM2696], 320 mM sucrose, 0.1% isopropanol-
saturated PMSF and cOmplete EDTA-free protease in-
hibitor cocktail [Roche 11873580001]). At the two-hour
mark of the HAPI treatments, media was discarded, cells
were washed with ice-cold PBS, and equal amounts of spike-
in moth cells were introduced with lysis buffer into the
HAPI cells flasks. The amount of spike-in cells used was
estimated to account for ~1% of total HAPI cells. Cells
were quickly scrapped off the flasks before being layered on
top of a sucrose cushion (20 mM HEPES pH 7.6, 1 M su-
crose, | mM spermine, | mM spermidine, 0.1 mM EDTA,
1 mM DTT, 0.004 U/wl SUPERase-In, 0.1% isopropanol-
saturated PMSF and cOmplete EDTA-free protease in-
hibitor cocktail). Cells were spun at 22 500 x g for 5 min
at 4°C. Pelleted nuclei were resuspended in 60 pl storage



buffer (20 mM HEPES pH 7.6, 5 mM MgCl,, 5 mM DTT
and 25% glycerol) and stored at —80°C.

Isolated nuclei (20 pl) were incubated with pre-heated
nuclear run-on buffer (20 mM HEPES pH 7.6, 1.5%
Sarkosyl, 5 mM MgCl,, 5 mM DTT, 100 mM KCI, 0.6
U/l SUPERase-In and 0.06 mM of all four biotin-11-
NTPs [Biotin-11-UTP, Jena NU-821-BIOX, Biotin-11-CTP
Jena, NU-831-BIOX, Biotin-11-ATP, Jena NU-957-BIOX-
L, Biotin-11-GTP, Jena NU-971-BIOX-L]). Nucleotide in-
corporation was allowed to proceed for 10 min at 37°C
and RNA was isolated with Trizol LS (Ambion) follow-
ing the manufacturer’s recommendations. The pellet was
resuspended in 20 wl RNase-free water, incubated at 65°C
for 2 min and immediately placed on ice. RNA was hy-
drolyzed for 20 min by adding 5 pl of ice-cold IN NaOH
and stopped with 25 pl 1M Tris pH 6.8. Biotinylated-RNA
was incubated with M-280 streptavidin Dynabeads (Invit-
rogen 11206D) and washed at room temperature for 15 min
three times with high salt buffer (50 Mm Tris pH 7.8, 2 M
Nacl, 0.5% Triton X-100 and 1 mM EDTA) and twice with
low salt buffer (20 mM Tris pH 7.8, 150 mM NaCl, 0.1%
Triton X-100 and 1 mM EDTA). RNA was separated from
Dynabeads with Trizol LS, precipitated and resuspended in
8 plof 12.5 uM VRA3-4N adapter mix. The adapter was
ligated by adding 12 pl of 3x Rnll mix (M0204) for 4 h at
37°C. Biotinylated-RNA was incubated with M-280 strep-
tavidin Dynabeads, washed and isolated as described above.
RNA deccaping and end repair reactions were performed
by adding 10 pl of 2x RppH mix (NEB M0356) for 1 h at
37°C followed by the addition of 80 w1 of 4x T4 PNK mix
(NEB MO0201) for 1 h at 37°C. RNA was isolated with Tri-
zol LS, precipitated and resuspended in 8 wl of 12.5 uM
VRAS5-4N adapter mix. The adapter was ligated, and RNA
was incubated with high-salt and low-salt buffer followed
by Trizol isolation as described above. RNA was reverse
transcribed with SuperScript IV (Thermofisher 18090010)
(5 oM RP1 primer, | mM dNTP, 2x SSIV buffer, 10 mM
DTT, 2 U/pl SUPERase-In and 20 U/l SSIV enzym(E) at
45°C for 15 min, 50°C for 40 min, 55°C for 10 min, and 70°C
for 15 min. Amplification of libraries was performed with 1
M index primer (RPI-1 to RPI-19, we skipped RPI-17), 1
pM RP1 and 1x KAPA HiFi ready mix (Roche KK2600).
We purified the amplified libraries with MinElute PCR pu-
rification kit (Qiagen 28004) and size selected for 135-600
bp using BluePippin 2% agarose gel cassette (Sage Science
BDF2010). Samples were sequenced at the lowa Institute of
Human Genomics on an Illumina NovaSeq 6000 using 50
bp paired-end reads.

Western blotting

Protein fractions from drug or DMSO treated HAP1 cells
were extracted as previously described (35). Briefly, cells
were incubated in buffer A (10 mM HEPES, 10 mM KCl,
10 mM MgCl,, 1 mM EDTA, and 0.5% IGEPAL CA-630)
on ice for 10 min. Cells were then spun down at 200 x
g for 5 min at 4°C. The supernatant was collected (free
factors) and mixed with loading buffer (20% Ficoll, 10%
SDS, 50 mM Tris pH 7.6, 3% bromophenol blue, and 50
mM DTT). The pellet was resuspended in buffer B (10 mM
HEPES, 450 mM KCI, 10 mM MgCl,, 1 mM EDTA, and
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0.5% IGEPAL CA-630) on ice for 10 min. Cells were then
spun down at 200 x g for 5 min at 4°C. The supernatant
was collected (chromatin bound) and mixed with loading
buffer. The pellet was resuspended in loading buffer (pellet).
Also prepared were whole cell and nuclei (isolated as de-
scribed above) lysates. Homogenized samples were heated at
95°C for 5 min, fractioned on SDS-PAGE, transferred onto
0.45 mM nitrocellulose membrane (GE Healthcare Life Sci-
ences), and incubated overnight with anti-TAF1 (sc-735;
1:1000; Santa Cruz), anti-TFIIB (sc-56793; 1:1000; Santa
Cruz), anti-TAF4 (sc-136093; 1:1000; Santa Cruz), anti-
Cdk9 (sc-8338; 1:1000; Santa Cruz), anti-TBP (ab51841;
1:2000; Abcam), anti-FKBP12 (sc-133067; 1:1000; Santa
Cruz), and anti-XPB (8746; 1:3000; Cell Signal). Proteins
were visualized with Pierce ECL substrate (ThermoFisher
Scientific 32106) in a UVP ChemStudio (Analytik Jena).

Processing of PRO-Seq data

PRO-Seq datasets were processed using the python
pipeline RNAfastqtoBigWig (https://github.com/
P-TEFb/RNAfastqtoBigWig) as previously de-
scribed (36) to automate the work up of paired-
end FASTQ files to the final generation of bigWig
tracks. Briefly, fastq files were trimmed of Illumina
4N UMI RNA adapters using TrimGalore v0.6.0
(https://github.com/FelixKrueger/TrimGalore) with length
parameter of 26 resulting in reads of 18-600 bp. Reads
were aligned using bowtie v1.2.3 (37) to a concatenated
genome containing the Spodoptera frugiperda (WGS
number JQCYO02) and human (UCSC assembly hg38)
genomes. Next, reads with identical unique molecular
identifiers (UMIs) were collapsed and the biotinylated
NTP from the 3’ end was removed using the dedup pro-
gram (https://github.com/P-TEFb/dedup). The output files
were converted into bedGraphs with bedtools genomecov
v2.27.1 (38). The read count for each sample was corrected
by taking into account the library size and total spike-in
reads as previously described (33) before generating bigWig
tracks with the bedGraphToBigWig program.

Selection of TSRs

A number of bioinformatics tools used in this study are
part of a group of programs called PolTools that can be
found here https://github.com/GeoffSCollins/PolTools. The
tsrPicker (https://geoffscollins.github.io/PolTools/tsrPicker.
html) was used to identify 11 bp transcription start re-
gions (TSR) from a combined dataset that contained all
DMSO treated PRO-Seq datasets (Repl and Rep2 TBP-
FKBP12F3¢V, Repl and Rep2 TAF1-FKBP12F3¢V, Repl
and Rep2 TFIIB-FKBP12F%V and Repl and Rep2 XPB-
FKBP12F3%V). We also generated a TAF4-FKBP12F3V
tagged cell line that was treated with DMSO from which
PRO-seq libraries were made and was included in the tsr-
Picker analysis for a total of nine PRO-Seq DMSO datasets.
A modified blocklist from GenecodeV27 (Supplementary
Data File — hg38 blocklist sheet) was used to remove Pol
I and Pol III transcription units. Next, only individual ge-
nomic positions that contained a minimum number of reads
of >100 were kept. From this filtered dataset, the program
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was allowed to find the base in the genome with the most
5" end reads creating a strand-specific 11 bp TSR (+5 bp)
with the MaxTSS in the center. This process was repeated
allowing for 5 bp overlap (two TSRs cannot share the same
MaxTSS) until no bases containing the minimum number
of reads remain. The resulting TSR list was used to quan-
tify the number of 5" end reads within each 11 bp TSR for
each of the individual datasets for DMSO and dTAG"-1.
Only TSRs with > 10 reads in each DMSO dataset were
used and final counts were generated by adding DMSO
or dTAG"-1 Repl and Rep2. Finally, Pol II specific TSRs
were obtained by only considering those with a TFIIB de-
pendency (DMSO/ dTAGV-1) >2. This gave rise to an All
TSR list of 72 095. To find truQuant TSRs, we first ap-
plied the truQuant program (https://geoffscollins.github.io/
PolTools/truQuant.html) to the all DMSO dataset to iden-
tify the most highly utilized TSS for each gene that is ex-
pressed (39). TSRs with a MaxTSS with the same genomic
coordinate as the most utilized TSS identified by truQuant
were denoted as truQuant TSRs (n = 10 273). Gene body
annotations and quantifications as well as 150 bp pause re-
gions were carried out by applying the truQuant program
to the all DMSO dataset. The ggplot2 package in R was
used to make point density correlations between All TSRs,
truQuant TSRs, and gene body counts across replicates.
tRNA TSRs were defined as an 11 bp region immediately
upstream of the GENECODE V38 annotated mature 5
end. tRNA TSRs with >10 reads in each DMSO dataset
were considered active and used for further analysis.

To identify ectopic expression of 11 bp TSRs follow-
ing TBP depletion, we again employed tsrPicker on TBP-
DMSO-Repl and Rep2, and TBP-dTAGV-1-Repl and
Rep2 PRO-Seq datasets. A concatenated list of TSRs
was created from TSRs identified in each dataset (total
TSRs = 138 644). Spike-in normalized 5’ ends were cal-
culated for each of the TSRs and those showing a TBP-
dependence <0.5 were deemed as appearing or increasing
TSRs (total TSRs = 1496). TSRs nearest to an increas-
ing TSR were annotated only if the distance between the
MaxTSS of both TSRs was <200 bp in a strand indepen-
dent manner.

Calculation of dependencies

Factor dependencies for TSRs were calculated by dividing
the sum of 5" ends of spike-in normalized reads present in a
given TSR in DMSO Rep 1 and Rep 2 by the sum of 5’ ends
of spike-in normalized reads present in the same TSR in
dTAGV-1 Rep 1 and Rep 2. Dependencies for gene bodies
were calculated by dividing the sum of 3’ ends of spike-in
normalized reads present in a given gene body in DMSO
Rep 1 and Rep 2 by the sum of 3’ ends of spike-in normal-
ized reads present in the same gene body in dTAGV-1 Rep
1 and Rep 2.

Metaplots

Metaplots showing average 5 or 3’ read densities across
specific genomic regions for different dependency groups
for each factor were calculated and plotted with MS Ex-
cel. Read through transcription averages were generated by

using a custom python3 script: https://geoffscollins.github.
i0/PolTools/read_through_transcription.html. For analysis
of 3’ reads around the CPS pause regions determined by
truQuant in the regions were blocklisted and a 1000 bp
running average was used to smooth the data. Also, dis-
tribution plots for A, C, G and T nucleotides were cal-
culated for specific regions using a python3 script (https:
Ilgeoffscollins.github.io/PolTools/base_distribution.html).

Motif discovery and web logos

Motifs were determined using MEME version 5.4.1 (40).
An example command line used reads as follows: meme -
brief 100 000 -dna -minw 6 -maxw 6 sequence.fasta. FIMO
version 5.4.1 was used to scan chosen genomic intervals
for the presence of motifs identified with MEME. An ex-
ample command line used reads as follows: fimo —thresh
0.0001 MEMEmotif.txt sequence.fasta. For TBP-specificity
motif analysis the strand was specified (fimo —thresh 0.0001
-norc MEMEmotif.txt sequence.fasta). CentriMo version
5.4.1 was used to determine the probability of finding motifs
in particular locations in input sequences (41). An example
command line used reads as follows: centrimo —verbosity 1
—local —score 5.0 —ethresh 10.0 sequence.fasta MEMEmo-
tif. txt. The Inr web logo was constructed utilizing Web Logo
3 version 3.6.0 (42).

Feature analysis

Chromatin features from TBP DFF-ChIP data performed
in HFF cells (19) where analyzed by extracting fragments
of specific lengths whose center lay within genomic inter-
vals described in Supplementary Figure S6D and counted
using Bedtools v2.26 intersect program. The features ana-
lyzed were TBP/nucleosome with fragment lengths of 160—
190 and fragment centers between +25 to +65, PIC/+1 nu-
cleosome with fragment lengths of 210-250 and fragment
centers between +50 to +90, TBP with fragment lengths of
30-60 and fragment centers between —50 to —10, and PIC
with fragment lengths of 61-88 and fragment centers be-
tween —25 to —1. Pearson’s correlation coefficient (r) were
calculated across features using the final number of frag-
ment centers for each feature.

FragMaps

fragMap.py (https://github.com/P-TEFb/fragMap) was
used to make heatmaps displaying the average distribution
and position for DFF-Seq fragments from Pol II SerSP
DFF-ChIP and TBP DFF-ChIP experiments performed in
HFF cells (19). Fragments were analyzed across truQuant
TSRs identified in HFF cells with PRO-Cap (43). Aspect
ratio, black values, and color intensities were used as
previously described (19).

Heatmaps

TSS heatmaps were generated by quantifying the
spiked-in normalized 5 reads over each base po-
sition within the indicated regions around the
MaxTSS for each TSR. Python3 and R scripts
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were used to generate heatmaps in grayscale (https:
/lgeoffscollins.github.io/PolTools/region_heatmap.html)

or color (log, fold change)(https://geoffscollins.github.io/
PolTools/region_fold_change_heatmap.html). For heatmaps
in Figure 3 and Supplementary Figure S3, each row illus-
trates a TSR and each base is represented by 5 pixels. For
heatmaps in Figure 4A, each row illustrates an average of
8 TSRs and each base is represented by 3 pixels. Heatmaps
in Figure 4C were created using: https://geoffscollins.
github.io/PolTools/gene_body_fold_change_heatmap.html.
Fragment center heatmaps were generated using python3
and R scripts (https://github.com/P-TEFb/Heatmap) from
previously published DFF-Seq data (19) around truQuant
TSRs identified in this manuscript. For TBP DFF-ChIP
heatmaps, each row illustrates an average of 10 TSRs and
each base is represented by 3 pixels. Finally, for H3K4me3
DFF-ChIP heatmaps, each row illustrates an average of 10
TSRs and each base is represented by 1 pixel.

RESULTS
Rapid depletion of TBP, TAF1, TFIIB and XPB

With the ultimate goal of examining the function of core
PIC components in transcription initiation in cells at all ac-
tive human promoters, four HAP1 cell lines were generated
in which endogenous TBP, TAF1, TFIIB and XPB were in-
dividually fused with the 12 kDa FKBP12F3¢V protein at
their C-termini. As illustrated by recent cryo-EM structures
(3,6,21), the first three factors play key roles in the recog-
nition of promoter elements during the formation of PICs
while XBP is involved in the actual initiation event (Fig-
ure 1A). Near complete depletion of all tagged proteins was
achieved within two hours of dTAGV-1 treatment (Figure
1B). Given that TAF1 and TBP are both components of
TFIID (6,44), the effects of TAF1 depletion in TBP pro-
tein stability and vice versa was determined. After the short
2 h depletion, loss of TBP led to only an ~30% decrease
in TAF1 protein levels in whole cell lysates (Supplementary
Figure S1A). Likewise, TAF1 depletion caused only about
a 30% reduction in TBP protein levels (Supplementary Fig-
ure S1B). Depletion of either protein, however, did not sig-
nificantly affect TAF4 (another component of TFIID) or
TFIIB levels (Supplementary Figure SI1A, B).

To determine if depletion of human TBP or TAF1 had
any effect on the association of TAF1, TAF4, TBP or TFIIB
with chromatin, the amounts of free and chromatin bound
factors were quantified. Cells with or without a 2 h dTAGV-
1 treatment were lysed with a detergent containing buffer at
150 mM KCl and the nuclei were separated from the cytosol
which contains non-chromatin bound factors (free). The
nuclei were further extracted with 450 mM KCI (chromatin
bound) to quantify the level of chromatin association. The
extracted nuclei were pelleted and resuspended in SDS (pel-
let). Western blotting of the fractions revealed that in un-
treated cells TAF1 and TAF4 were mostly chromatin bound
while TFIIB was mostly free with only low levels of all fac-
tors remaining in the high salt extracted nuclear pellet (Sup-
plementary Figure S1C, D). dTAG"-1 treatment of TBP-
tagged (Supplementary Figure S1C) or TAF1-tagged cell
lines (Supplementary Figure S1D) led to near complete de-
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pletion of the targeted factor. Just as with whole cell lysates,
there were no significant changes in TAF4 and TFIIB lev-
els after depletion of TBP or TAF1 (Supplementary Fig-
ure S1C, D). Following TAF1 depletion, TBP was slightly
reduced in the cytosol and nuclear fractions (Supplemen-
tary Figure S1D), while there were no appreciable changes
in TAF1 protein levels detected after TBP depletion (Sup-
plementary Figure S1C).

Quantitative analysis of actively transcribed promoters
genome-wide

PRO-Seq (34,45) was performed in each of the four cell lines
after treatment with DMSO as a control or 400 nM dTAGV-
1 for two hours prior to the isolation of nuclei. We employed
our previously described method using a lysis buffer with
EDTA to rapidly halt transcription as cells are lysed lead-
ing to accurate retention and positioning of engaged tran-
scription complexes (33). Because paired end sequencing
was performed the location of the paused Pol II near pro-
moters can be obtained from 3’ end reads and the location
of the TSS from 5 end reads. Immunoblot analyses of the
isolated nuclei demonstrated the dramatic loss of the tagged
proteins (Supplementary Figure S1E), similar to those ob-
served with whole cell lysates (Figure 1B). A constant, small
amount of Sf21 moth nuclei was spiked-in to each flask of
lysed HAPI cells, enabling us to reliably quantify absolute
global changes in transcription. To quantitatively ascertain
the changes in levels of transcription for all promoters in the
genome following depletion of the GTFs, a list of transcrip-
tion start regions (TSRs) was compiled using PRO-Seq data
and a bioinformatics tool, tsrPicker. This method identifies
11 bp TSRs with the MaxTSS positioned in the center (see
MATERIALS AND METHODS for more details) which is
likely generated by a single PIC (18). The data queried was
a combination of the 5’ reads which arise from TSSs in pro-
moter regions from highly correlated (Supplementary Fig-
ure S2C) DMSO control PRO-Seq datasets (~280 million
total reads — Supplementary Data File). Inclusion in the list
required at least 100 5’ total reads in the combined DMSO
datasets and at least 10 reads in each DMSO dataset, re-
sulting in 72 095 total TSRs (henceforth referred to as All
TSRs). A sub-list of TSRs was also created that contains
the most highly utilized promoter for each expressed gene
by employing the truQuant analysis tool (39). Of the 72 095
TSRs, 10 273 were determined to contain the MaxTSS for
each transcribed gene (henceforth referred to as truQuant
TSRs).

Two biological replicates were performed for each tagged
cell line in the presence or absence of the drug. Using All
TSRs, truQuant TSRs and truQuant gene bodies, correla-
tion of the library size and spike-in normalized replicates
showed strong linear correlations as determined by Pear-
son’s correlation coefficient (Supplementary Figure S2A).
Because of the spike-in normalization the correlation plots
for PRO-Seq signals should have slopes close to 1 since ab-
solute levels of transcription are determined. To analyze
how effective the spike-in normalization was we calculated
the slopes for Repl versus Rep2 truQuant TSR data and
found that the average slope for the all four datasets was


https://geoffscollins.github.io/PolTools/region_heatmap.html
https://geoffscollins.github.io/PolTools/region_fold_change_heatmap.html
https://geoffscollins.github.io/PolTools/gene_body_fold_change_heatmap.html
https://github.com/P-TEFb/Heatmap
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0.96 + 0.17 (DMSO) and 0.86 £ 0.28 (VHL). This indi-
cates that the spike-ins did an excellent job determining the
absolute transcription levels. Additionally, a control PRO-
Seq experiment in non-tagged HAP1 cells was performed to
corroborate that any effects following drug treatments were
specifically due to depletion of the GTFs and not secondary
off-target drug effects. The replicates correlated very well
and importantly correlation of the control and dTAGV-1
treated wildtype cells was also high indicating that dTAG" -
1 has no significant effects on transcription by itself (Sup-
plementary Figure S2B). Although we observed no growth
defects in the tagged lines, to determine if tagging the GTFs
had a direct effect on transcription we calculated Pearson’s
correlation coefficients for both replicas of wildtype HAP1
cells and all replicas of DMSO treated tagged GTF lines
(Supplementary Figure S2C). The strong correlations in-
dicated that GTF tagging did not have a significant effect
on transcription in the undepleted state. Genome browser
tracks depicting pileups of forward and reverse nascent
transcripts around the KISS1R promoter provide examples
of the effects of GTF depletion (Figure 1C). The promoter-
proximal paused transcripts in the sense and divergent di-
rection are reduced to different extents upon loss of each of
the GTFs. Addition of dTAG to wild type cells had a neg-
ligible effect on nascent transcript levels. However, deple-
tion of all factors had a significant effect in transcript lev-
els with TBP and TFIIB having greater effects than TAF1
and XPB.

Figure 2A depicts genome browser views of 5’ reads in the
promoter regions of two genes, ALPL and BSG, and three
TSRs identified for each of them. The reproducibility of 5
end quantification can be seen from the consistency of the
relative reads from each individual TSS across the DMSO
datasets. Transcription from all three TSRs in both genes
are reduced after TAF1, XPB, and TFIIB depletion, with
the latter resulting in the most dramatic decrease (Figure
2A). For both genes, only TSR #3 is TBP-dependent while
TSR #2 shows an increase in initiation following TBP de-
pletion. This phenomenon will be further analyzed and dis-
cussed in later sections. Initial quantification of the effects
of GTF depletion on either All TSRs or truQuant TSRs was
carried out by determining the sum of the spike-in normal-
ized reads for each TSR from control (DMSO) and GTF-
depleted (dTAGV-1) cells. A correlation of the two values
for each TSR was plotted as well as a calculated depen-
dency. Depletion of each of the four factors had a nega-
tive impact on almost all promoters, as is clear from the
correlation plots where the large majority of data points
are displaced from the orange line representing no change.
Depletion of TFIIB had by far the greatest effect (Figure
2B). A dependency was calculated by dividing the sum of 5
reads for each TSR (DMSO/ dTAGV-1) and plotted after
sorting from most to least dependent. The average depen-
dency on TFIIB was between 9.2 (truQuant) and 10.2 (All),
and average dependencies on TAF1 and XPB were between
1.6 and 2.4 for both sets of TSRs (Figure 2B). TBP had
a more disparate effect with 14% (All) or 16% (truQuant)
of promoters with a dependency of 2 or greater while the
remainder had only negligible changes or dependencies
less than 1, meaning initiation increased upon depletion
(Figure 2B).
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TBP is only required for transcription of a small fraction of
TSRs

To determine the sequence motif most associated with TBP
dependency, the —36 to —19 bp region upstream of the
MaxTSS of the top 1% dependent All TSRs was examined
with MEME (40). A six base pair motif was found to be
present in >60% (450/720, P = 5.1e-329) of these TSRs
(Figure 3A). Because it is significantly different from the
so called TATA element, we call it the TBP-specific motif.
For the members of the All TSRs set with the top 3% of
dependency, 49% (1065/2160, P = 1.8e-312) had the TBP-
specific motif upstream. As the occurrence of the motif de-
creased, so did the dependency on TBP (Figure 3A). As ex-
pected, the functions of the rest of the GTFs are primarily
independent of the presence of the TBP-specific motif (Fig-
ure 3A). Additionally, among the TBP dependent promot-
ers, strong dependency is mainly restricted to the top 1%
whereas with the other GTFs broad transcriptional effects
lead to closer mean dependencies across groups (Figure
3A). Almost identical results were obtained with truQuant
TSRs where the same TBP-specific motif and similar en-
richment was found upstream of the MaxTSS of TBP-
dependent truQuant TSRs (Supplementary Figure S3A).

The TBP binding motif is also a site of initiation

Interestingly, about 20% of All TSRs became more active
after TBP depletion (Figure 3B). To better understand why
this is the case, local TBP motif enrichment analysis (Cent-
riMo) (41) of the bottom 1% TBP-dependent (most in-
creased) of All TSRs was performed (Figure 3C). In con-
trast to the top 1% TBP-dependent of All TSRs, which con-
tain the TBP-specific motif upstream of the MaxTSS, the
bottom 1% TBP-dependent of All TSRs showed an enrich-
ment of the TBP-specific motif overlapping the TSR itself
(Figure 3C) indicating that the TBP binding motif is fre-
quently used as an initiation site. Figure 3D and Supple-
mentary Figure S3B show examples of both a top 1% and
a bottom 1% TBP-dependent All TSR present in the same
promoter region of the gene SLC20A 1 and SHISA2, respec-
tively. The main promoter for each gene (TSR #2) is TBP-
dependent given the significant reduction in 5 reads af-
ter TBP depletion (Figure 3D, Supplementary Figure S3B).
The TBP-specific motif located upstream of TSR #2, called
by our analysis as TSR #1, is presumably the TBP binding
site and also an initiation site as evidenced by the presence
of mapped 5 reads in each of our PRO-Seq data sets (Fig-
ure 3D, Supplementary Figure S3B). TBP depletion led to
an increase in initiation in TSR #1 not observed after deple-
tion of the other GTFs (Figure 3D, Supplementary Figure
S3B). Indeed, after depletion of the rest of the GTFs, both
TSRs show a decrease in transcription relative to each other
with TFIIB depletion causing the most dramatic decrease
(Figure 3D, Supplementary Figure S3B). The distribution
of the position of the TBP-specific motif upstream of TSSs
varies within the —35 to —25 bp window (46). This is easily
visualized in heatmaps depicting 5’ reads in the 100 bp sur-
rounding the MaxTSS of the fraction of All TSRs that had
TBP dependencies >2.5 sorted by decreasing distance from
the TBP-specific motif to the MaxTSS (Figure 3E). Initia-
tion in the region corresponding to the TBP binding motif
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is seen to increase after TBP depletion. Taken together, we
believe that for PICs that drive transcription in a TBP de-
pendent manner, TBP binds to the TBP-specific motif oc-
cluding it from being used as an initiation site. Depleting
TBP enables formation of a PIC over this region that drives
initiation in a TBP independent manner.

This analysis additionally demonstrates that the further
away the TBP binding motif is from the MaxTSS, the more
initiation occurs upstream of the MaxTSS compared to
downstream (top of the heatmap, Figure 3E, F). On the
other hand, for TSRs where the motif is closest to the
MaxTSS, initiation occurs more frequently downstream
of the MaxTSS compared to upstream (bottom of the
heatmap, Figure 3E, F). The same results were observed
when analyzing truQuant TSRs (Supplementary Figure
S3C). This region where initiation occurs surrounding the
MaxTSS, that is most affected following TBP depletion, is
about +5 bp in size (Figure 3E, F, Supplementary Figure
S3C). This provides further evidence that the PIC supports
transcription of a 5 bp region around a primary TSS (18).

Distinct TBP requirements for Pol I, I, and III transcription

Next, given that TBP is also a major component of the mul-
tiprotein complexes that mediate transcription from Pol I
and Pol III promoters (47), we analyzed the effects of TBP
depletion on nascent RNAs originating from these promot-
ers. For Pol I, we specifically examined the 45S preriboso-
mal rDNA loci whereas for Pol III we looked at tRNAs
and the small nuclear RNA (snRNA) genes U6, 7SK and
7SL. Also included in the analysis are the Pol II transcribed
snRNA genes U1-US5, U1l and U12. For Pol I, we observed
only a modest reduction (avg. dependency of 1.5) in tran-
scription initiating from the main TSS of the 458 preriboso-
mal rDNA loci (Supplementary Figure S3D). As expected,
depletion of TAF1, TFIIB, or XPB did not lead to any ma-
jor changes in TRNA transcription (Supplementary Figure
S3D). For Pol III promoters, two distinct effects were ob-
served after TBP depletion. tRNAs were highly sensitive
to loss of TBP (avg. dependency of 11.5), with some tR-
NAs showing almost complete abrogation of transcription
from their main TSS (Figure 3G, H). In contrast, the U6,
7SK and 7SL were not affected to any significant degree
(avg. dependency of 1.1) (Supplementary Figure S3E). As
controls, we also quantified PRO-Seq 5" reads of these Pol
IIT genes following depletion of TAF1, TFIIB and XPB.
As expected, there were no significant changes (Figure 3G,
Supplementary Figure S3E). All analyzed Pol II transcribed
snRNA genes were dependent on TBP (average dependency
of 2.8), TFIIB (average dependency of 8.4), and XPB (aver-
age dependency of 2.2) (Supplementary Figure S3E). How-
ever, loss of TAF1 had no major effect in transcript levels
(average dependency of 1.2 and 0.7, respectively). This may
be explained by the observation that the TFIID complex
that forms at these genes lacks TAF1 (48).

To explore further how depletion of TBP had a positive
influence on existing TSRs and to determine if any new
TSRs appeared, we discovered TSRs from each of the four
TBP datasets (both replicas with and without dTAGY-1).
Of the 138 645 TSRs in the analysis, 1496 had a TBP depen-
dence of <0.5, meaning they increased 2-fold upon deple-

tion, and 1329 of these were found within 200 bp of a TBP-
dependent promoter. The TBP-dependency of positively af-
fected TSRs and the nearby TSR were compared by plot-
ting both dependencies for all 1329 TSR pairs (Figure 3I).
The average TBP-dependence of the nearby TSRs was 4.0
which is much higher than the average of 1.6 for all reported
TSRs in Figure 2. We found that some of the nearby TBP-
dependent promoters were Pol 11 driven and some were Pol
III driven. Examples of each are shown in Figure 3J and K.
Using recently reported DFF-ChIP data that detects TBP
PICs and associated nucleosomes (19) it appears that the
positively affected TSRs lie under the region protected by
TBP containing complexes (Figure 3J and K). For Pol II
the TBP PIC covers ~65-85 bp and the downstream nu-
cleosome adds about 150 bp. For Pol III over tRNA genes
the TBP PICs over Pol I1I transcribed tRNA promoters are
similar except that associated nucleosomes are found up-
stream (49). The DFF-ChIP was carried out in a different
cell type, but its use here is justified in a later section. These
results support the idea that depletion of TBP leads to loss
of a fairly stable complex which increases access to other-
wise buried promoters. We did not find any examples of
truQuant TSRs driving genes that might be upregulated due
to TBP depletion, strengthening our hypothesis that 2 h of
depletion does not cause significant secondary effects.

To investigate the effects of GTF depletion on the dis-
tribution of TSSs in the 200 bp region surrounding the
MaxTSS of truQuant TSRs, heatmaps of 5" ends were gen-
erated and sorted by decreasing factor dependency (Fig-
ure 4A). Black values were set to the same value for the
DMSO or dTAGV-1 data for each factor. This setting facil-
itates visualizing weaker TSSs but the MaxTSSs were sat-
urated. In addition, for each factor the total number of 5
ends were plotted for a 30 bp region around the MaxTSS
for the top and bottom 20% of truQuant TSRs (Figure 4B).
The most TBP dependent genes, which typically contain
the TBP-specific motif, are also some of the most highly
transcribed (top of the TBP DMSO heatmap; Figure 4A,
B). TBP depletion mainly impacts the MaxTSS of these
genes and the initiation occurring in the immediate up-
stream and downstream regions. About ~30 bp upstream
of the MaxTSS, the use of the TBP-specific motif as initi-
ation site can be seen (Figure 4A). Initiation in this region
is not TBP-dependent but rather experiences increased ini-
tiation after TBP-depletion as demonstrated earlier (Figure
3E, 4A). Depletion of the rest of the GTFs results in similar
broad effects in which initiation at the MaxTSS and sur-
rounding areas are reduced, with TFIIB having the most
acute effect (Figure 4A). The TSS heatmaps and narrow
TSS plots demonstrate that unlike TBP TAF1, TFIIB, and
XPB have more impact on weaker promoters (Figure 4A,
B).

Effects of factor depletion on transcription in and down-
stream of gene bodies

We were also interested in understanding the effects of GTF
depletion on Pol II across genes bodies and downstream
of the major transcript cleavage and polyadenylation sites
(CPS). Dependency heatmaps of PRO-Seq 3’ ends with
genes sorted by increasing gene length, indicate only a mod-
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est reduction in signal over genes bodies after depletion of
TBP, TAF1 and XPB (Figure 4C). However, depletion of
TFIIB had a stronger negative effect. We then compared
the dependencies of each truQuant TSR to dependencies
calculated for their gene bodies which was simply the ratio
of the sum of 3’ end reads (DMSO/dTAGV-1) over the en-
tire gene body (see Materials and Methods for details). The
data was plotted after sorting from high to low TSR de-
pendence (left to right) so that the TSR and gene body de-
pendencies could be compared for each gene. The results re-
vealed a less severe average reduction of reads in gene bodies
than promoters after depletion of each factor (Figure 4D).
Interestingly, TFIIB depletion resulted in a substantial in-
crease in transcripts downstream of the CPS compared to
control. This difference is evident beginning roughly 5 kb
downstream of the CPS, reaching its maximum height at
~10 kb and slowly declining over ~50 kb (Figure 4E). This
phenotype was observed regardless of gene length (Figure
4C) and is illustrated in several examples (Supplementary
Figure S4A). Only TAF1 had a similar although more mod-
est effect (Figure 4E).

The muted decrease in gene body transcripts compared
to short paused transcripts could be due in part to an in-
crease in paused Pol II that is released into productive elon-
gation. The positive transcription elongation factor b (P-
TEFb), composed of cyclin T1 or T2 and the cyclin de-
pendent kinase Cdk9, allows Pol II to transition into the
transcription elongation phase (50). There are two main P-
TEFD states within the cell: sequestered in an inactive form
in the 7SK snRNP or released so that it can functionally
associate with chromatin. The 7SK snRNP is found in the
cytosol after a low salt detergent lysis of cells and released
P-TEFb is found associated with the resulting nuclei (51).
Western blots show an accumulation of Cdk9 associated
with chromatin after TFIIB depletion (Figure 4F). TAF1
depletion also led to accumulation of Cdk9 associated with
chromatin but to a lesser extent than TFIIB depletion. Col-
lectively, our data illustrates that gene bodies do not expe-
rience the same level of loss of PRO-Seq signal as do re-
gions of promoter-proximal pausing following GTF deple-
tion, presumably due to compensation by an increase in P-
TEFD activity. The major effect downstream of the CPS
seen after depletion of TFIIB and to a lesser extent TAF1
is likely due to a kinetic delay in Pol II termination, also re-
sulting from increased P-TEFb activity. This point will be
explored further in the Discussion.

Because release into productive elongation leads to a re-
duction of paused Pol IT and P-TEFb activity can change,
especially after TFIIB depletion, we wondered if there was
a relationship between the level of productive elongation
from each promoter and its factor dependency. The num-
ber of 3’ ends/1000 bp across each gene body was deter-
mined and plotted after sorting the dependency of the 5
ends in the 150 bp promoter region (Supplementary Fig-
ure S4B). The most TFIIB-dependent promoter regions had
significantly lower productive elongation before the deple-
tion. There was a similar relationship for TAF1. TBP was
different with many of the most dependent promoters hav-
ing high levels of productive elongation. These effects can be
rationalized given that TFIIB and TAF1 depletion caused
a release of active P-TEFb from the 7SK snRNP, but TBP

did not (Figure 4F). This increase in active P-TEFb could
have a greater effect on genes that initially had low levels of
productive elongation and this would lead to an apparent
slightly greater dependence for those promoters. However,
even for TFIIB this effect is somewhat minor compared to
the large dependencies across all genes.

Relationship of GTF-dependence and promoter sequence
composition

To investigate any sequence preferences for GTFs, we di-
vided All TSRs into quintiles based on dependency for each
factor. We then compared the sequence composition of the
top 20% of dependent TSRs, presumably reflecting the most
favorable sequences for that factor, and the bottom 20% of
dependent TSRs, reflecting the least favorable sequences.
A preference for the Inr was found regardless of depen-
dency for all factors (Figure 5A) which is in accordance with
previous results showing the Inr to be generally present in
most TSSs (18). The top 20% of TAF1, TFIIB, and XPB-
dependent TSRs had a slightly higher presence for the Inr
compared to the bottom 20%. Again TBP was the outlier
with the most dependent TSRs having the weaker Inr.

Promoters have positional sequence biases that can be
seen from a base distribution plot 100 bp around the
MaxTSSs in the All TSR dataset (Figure 5B, all TSRs).
This broad view highlights a number of features that in-
clude peaks of T and A between —30 and -25, a very dis-
tinguishable Inr at the MaxTSS, and an enrichment of a
stretch of G bases and a reduction in C downstream of the
MaxTSS around +6 to +32 (Figure 5B). Our results faith-
fully recapitulate the base distribution that was observed
when analyzing over 170 000 TSSs in the human genome
using PRO-Cap (18). To determine if there are any sequence
determinates for factor dependency, the average base distri-
butions for the top quintile was subtracted from the bot-
tom quintile for each factor. Each factor had a distinctive
base distribution (Figure 5B). As expected (11), the main
sequence element found for TBP was the A/T rich region
between —30 and -25. The difference base distribution for
TAF1 shows high GC content overall and an enrichment
of G’s stretching +6 to +32 downstream of the MaxTSS.
This region harbors the G-rich downstream promoter ele-
ment (DPE) previously identified in Drosophila and shown
to be enriched in highly transcribed mammalian random-
ized promoter libraries (16,17). The TFIIB difference base
distribution shows high GC content overall in this region.
TFIIB and XPB difference base distribution plots exhibit a
number of similarities (Figure 5SB). In contrast to TBP, both
TFIIB and XPB disfavor A and T bases between —30 and —
25 (Figure 5B). Very similar results were obtained when the
top and bottom dependency quintiles were compared for
the truQuant TSRs (Supplementary Figure S5).

To determine the consequences of GTF depletion on
divergent and convergent transcription, we quantified the
number of sense and anti-sense pileup reads in a 2000 bp
region surrounding truQuant TSRs. Both divergent and
convergent transcription behave in a similar manner to
sense transcription following GTF depletions (Figure 5C).
Note that the scale for divergent and convergent reads
is about 10% of that for sense. The divergent peak is
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TSRs for each GTF. (C) Sense and divergent PRO-Seq transcript pileups for 1000 bp regions flanking the MaxTSS of truQuant TSRs (n = 10 273).

wider than the sense peak due to differences in the dis-
tance between the two promoters or sets of promoters at
individual genes. Convergent transcripts are interestingly
found downstream of the +1 and +2 nucleosome for the
sense promoter similar to what was found in an earlier
study (52).

To examine co-dependencies for the depleted GTFs,
a comparison of the overlap of the top 5% dependent
truQuant TSRs (n = 514) for each factor pair was per-
formed (Supplementary Figure S6A). The red line indi-
cates the expected overlap if results were random (5% over-
lap). TFIIB had the highest co-dependencies with the other
GTFs and its co-dependency with XPB was striking. TBP
and XPB had the lowest co-dependency. These results sug-
gest that XPB might be most effective when there is no
strong recruitment of TFIID by TBP.

Relationship between GTF dependency and the nearby se-
quence motifs

To determine if there were any sequence motifs that corre-
lated with factor dependencies, extensive MEME analyses
were performed on different regions around TSRs with high
factor dependency. The only binding motif that correlated
with the regions identified in Figure 5B was the TBP-specific
motif upstream of the most TBP-dependent TSRs. There-
fore, MEME was used to discover the most prevalent mo-
tifs across the 200 bp regions surrounding the MaxTSSs of
All TSRs and the distribution of the motifs was determined
with CentriMo (41) (Figure 6A). The TBP binding motif
was found in the expected upstream position, but in addi-
tion was found over the MaxTSS (Figure 6A). The other
motifs discovered by MEME were for the specific transcrip-
tion factors YY1, ETS, NRF1, SP1 and NF-Y (Figure 6A).



9140 Nucleic Acids Research, 2022, Vol. 50, No. 16

AO. T T T T T T T T T 0.01 ' B 30 TBP
P PIC - y ' g
0.025 ) 0.016; SP1 £
¥ A 0,014 B Q &
H
2 0020 ETHES 0012 AALTALE aE |2 II I II
3 0010 36.200 °
3 oot 0,008 7705,162
° . 30
& 0010 0.006 g TAF1
0005 0,004 H
' 3, il I ol I
0009, 0.0( - 10
-100 -80 -60 -40 -20 MaxTSS 20 40 60 80 100 -100 -80 -60 -40 -20 MaxTSS 20 40 60 80 100
.018. T T T T T T .01. T 30
= TFIIB
ETS }:C A g
0.010 N A Y
£}
2t § Ll ol H
2 oot A A AT
Z G L |
2 0.006 23,072
-g 1.5e-612 20
o 0.004 g XPB
g
0002 H
L3110 |
! [ 10
80685 %0 40 Zowexrss 20 40 6 80 00 “°%Mos €0 €0 40 O maTss 20 40 65 85 700
001 0025 30
0014} NRF1 NF-Y g Strength
4 0.020; i a
o i CA .F: II II II II II
AVLYLETY S “erelillce < 2
£ oot0 0015 S
S o008 8,430 7,166
2 201222 00 o184 w
£ 0006 . s Random
0.004- °
0.005 & FE - axi . Fan
0.002 H
00! s “ “ “ II "
060 80 60 40 20waxiss 20 40 60 80 100 °%%og 40 45 40 20 matss 20 40 60 8 00 Yv1  ETS NRF1  SP1  NEY
Positions of motif centers Positions of motif centers mist mznd mard =4t -5t quintiles
C -. ok A — Y E TBP TAF1 TFIB XPB
chrto crto 101,031,250 101,031,300
SFXNG W ] SFXNG E——
197- 137 _
HAP1 k HAP1 L 3
o_ EP o_ |1 NIRRT PR ISP =
8- 32- 3
HFF [ HFF a E
o_ V- w o e d 1 ,.l.“‘.. L... &TE
g
D TBP-dependent TAF1-dependent =
Scale  SObases—————————{hg38 Scale 50 bases| | hg3s. o
chrt 76,004.950] chri0: 96822250 96832300 o
DNAJ LCOR n— e
416+ 210-
HAP1 5
HAP1 .].u -100 MaxTSS +100 -100 MaxTSS +100 -100 MaxTSS +100 -100 MaxTSS| +100
0_{ = = [OOSR N FIF PRSI T SO
5097 1227 _ 3
HFF HFF 2
o — . . o A oanl 2
288
TFIIB-dependent XPB-dependent I
Scale 50 bases| hg38. Scale 50 bases| hgss &5
o | 57.994550] 7. | 129611750 QES
FAM105 I — NRF1 0 9%
— FAM110B ne— —NRF — O S
383 1762- So
HAP1 HAP1 zg
[ PR J..L_l.‘,, o ool S
as- 187 g
HFF HFF =
PR R | | ol Lol 0 500 Watss
F With TBP motif No TBP motif SI-N'fy NRIP3
TBP-nucleosome (308 TSRs) (11,253 TSRs) N j
TBP- = L]
PIC. ===y -

TBP/nuc: =

PIC/+1nuc:

350 MaxTss 7350 350 MaxTSs 7350 350 MaxTSs 350 350 MaxTSs 350 350 MaxTSs 350

Figure 6. Relationship between GTF dependencies with chromatin structure and occurrence of transcription factor motifs. (A) Plots show the probability
of finding the TF motif (top right) within +100 bp from the MaxTSS of All TSRs (n = 72 095) as determined with CentriMo. The numbers below the
TF motif indicates the number of sequences containing the motif and the E-value (statistical significance of the motif after adjusting for multiple tests),
respectively. The blue rectangle depicts the size and position of a standard TFIID containing PIC. (B) All TSRs were divided into quintiles based on GTF
dependency, strength or randomly. The plots indicate the total number of TSRs from each quintile that contained a particular TF motif as determined by
FIMO (P < 0.0001). Also quantified are the overlap between TSRs containing a TF motif and randomly generated quintile subgrouping, performed in
triplicate. Error bars represent standard deviation. 1st, 2nd, 3rd, 4th and Sth refer to most to least dependent for each factor, strongest to weakest in strength
or random subgrouping. (C) Comparison of truQuant genes identified in HAP1 cells with PRO-Seq (top track) and in HFF cells with PRO-Cap (bottom
track). Only 5" ends (TSSs) are shown. The left panel shows an example of a promoter region where the position of the MaxTSS identified is different
between HFF and HAPI. The right panel shows the distribution of TSSs for the MaxTSS identified in HAP1 cells for the same gene. (D) Comparison of
promoter regions in HAP1 cells and HFF's that were highly dependent on TBP, TAF1, TFIIB or XPB. The TSR identified by truQuant in both cell types
is shown (red bar). (E) Heatmaps of centers of 60—70 bp fragments (PICs) from TBP DFF-ChIP performed in HFF cells (19) sorted by decreasing factor
dependency centered at MaxTSS of truQuant TSRs from HAPI cells. Also shown are heatmaps of the centers of 140-160 bp fragments (nucleosomes)
from H3K4me3 DFF-ChIP performed in HFF cells (19) sorted by decreasing factor dependency centered at the MaxTSS of truQuant TSRs of HAP1
cells. Yellow dashed lines show the position of the average center of all +1 nucleosomes (~+125 bp). (F) TBP-nucleosome cryo-EM structure (7OHB) (22)
(left panel). TBP-DFF-ChIP data represented as fragMaps depicting the average coverage of fragments of various lengths (y-axis) at each position +350
bp surrounding a MaxTSS (x-axis) from experiment performed in HFF cells (19). Five fragMaps are shown (from left to right): HFF cells truQuant TSRs
determined from PRO-Cap data (43) that contain a TBP motif within the —36 to —19 region upstream of the MaxTSS (n = 308), truQuant TSRs without
the TBP motif (n = 11 253), and examples of genes that contain an upstream TBP motif (SLNF11, NRIP3 and GADD45G). TBP-DFF-ChIP tracks are
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SP1and ETS were much more prevalent than the other sites.
SP1, ETS, NRF1 and NF-Y were found primarily upstream
of the MaxTSS and YY1 was found over the Inr and down-
stream.

Next, All TSRs or truQuant TSRs were partitioned into
dependency quintiles for each factor (most to least depen-
dent), quintiles of TSR strength (strongest to weakest), or
random quintiles, and the number of TSRs that contained
the TF motifs were quantified (Figure 6B, All TSRs; Sup-
plementary Figure S6B, truQuant TSRs). A random sort
of TSRs was performed three times and the distribution of
the five motifs across the 5 quintiles was 20% with a stan-
dard deviation of 0.3% for All TSRs and 0.9% for truQuant
TSRs. This provides a baseline to interpret significance of
the other sorts. Interestingly, even though Y'Y 1-motifs cor-
related with strength, they inversely correlated with depen-
dencies of all factors especially TAF1 and TFIIB. On the
other hand, the SP1-motifs positively correlated with TBP,
TFIIB, and XPB dependencies. ETS motifs inversely cor-
related with TFIIB-dependency and to a lower degree with
TAF1-dependencies. Curiously, while NF-Y-motifs corre-
lated with TBP dependency, they inversely correlated with
TFIIB dependency. Finally, all motifs tested correlated with
TSR strength to varying degrees (Figure 6B). Evidently, fac-
tor dependencies are influenced by neighboring TF binding
sites.

Effects of GTF depletion on transcription surrounding the
major TSRs and the relationship to nearby chromatin

We recently developed a method to examine transcription
complexes and their interactions with nearby chromatin
that utilizes the DNA Fragmentation Factor (DFF) to di-
gest native nuclei followed by immunoprecipitation and se-
quencing of DNA fragments (DFF-ChIP) (19). The method
accurately positions PICs and H3K4me3 modified nucle-
osomes and sites of transcription factor binding (49,53).
We wanted to compare the existing DFF-ChIP data (19)
to GTF dependency, but because the DFF-ChIP data was
generated in primary human foreskin fibroblasts (HFFs),
we examined how similar transcription was in HFFs and
HAPI cells. Of the 10 273 truQuant genes that were iden-
tified in HAPI1 cells, 9712 overlapped with those found in
HFF cells. In a small number of cases the dominant pro-
moter driving each gene was different between the two cell
types, likely due to differences in the specific transcription
factor milieu. However, the promoter used in HAP1 cells
was also found in HFFs and likely used similar GTFs to
achieve initiation. As an example, the HAP1 promoter for
SFXN3 was not the main promoter in HFFs, but the fine
detail of the spread of PRO-Seq 5 ends (TSSs) across the
region was highly reproducibly detected (Figure 6C). The
distribution of TSSs around the main TSR for genes that
were highly dependent on the four GTFs were very similar,
asillustrated by four example genes (Figure 6D). Because of
the high similarity in promoter usage between HAPI and
HFF cells we believe that comparing the two sets of data
are justified. The high similarity between the two datasets
also indicates that our use of HAP1 PRO-Seq 5 ends for
TSSs is appropriate because the HFF dataset was a PRO-
Cap dataset that specifically enriches for actual start sites.
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To examine the relationship of PIC occupancy to GTF
dependency, heatmaps were generated from the positions
of centers of 60-70 bp fragments from TBP DFF-ChIP-
seq data collected from HFF cells (19). The heatmaps cover
a 200 bp region flanking the MaxTSS of truQuant TSRs
that are rank ordered by dependency for each factor deter-
mined in tagged GTF HAP1 cells (Figure 6E, top). Frag-
ment centers around —7 result from PICs that are initiat-
ing around +1. The top 10% of TBP dependent TSRs have
a relatively high concentration of PICs centered around -7
and in addition, PICs centered about 35 bp upstream of the
MaxTSS that are initiating in the TBP-specific motif (Fig-
ure 6E). The amount of PIC fragment centers around —7
is higher for the most TBP-dependent TSRs, adding sup-
port to the finding that TBP dependent TRSs are some of
the most highly transcribed TSRs (Figure 4A). The bottom
90% of TBP dependent TSRs contain almost no TBP-PIC
initiating in the —30 to —25 region, correlating with the ab-
sence of a TBP-binding motif. These bottom 90%, but not
the top 10% of TBP dependent TSRs, also have another PIC
centered downstream of the TSS such that for these PICs
TBP would be positioned over the Inr and initiation would
be at about +25 as seen in Figure 4A. The other factors dis-
played different relationships with the position of PICs. The
patterns seen in the TAF1-, TFIIB- and XPB-dependent
sorts are somewhat reversed from those seen from the TBP
dependency sort. The upstream PIC over the TBP-binding
motif and the most prevalent PICs are concentrated at the
bottom of these heatmaps instead of the top as seen for TBP
(Figure 6E, top) in support of the TSS strengths seen in Fig-
ure 4A and B.

To analyze the relationship between the position and
occupancy of the +1 nucleosome with GTF dependency,
heatmaps of H3K4me3 DFF-ChIP from HFF cells were
utilized in a similar manner. Centers of 140-160 bp frag-
ments resulting from DFF digestion (19) were mapped to
a 600 bp region centered on the MaxTSS of truQuant
TSRs determined in HAP1 cells. A nucleosome-depleted re-
gion (NDR) is evident in these maps, in addition to a well
positioned +1 nucleosome and a more diffuse —1 nucleo-
some flanking the MaxTSS (Figure 6E, bottom) as expected
for active promoters (54). The top 10% of truQuant TBP-
dependent TSRs have lower +1 nucleosome occupancy
(Figure 6E, bottom) as found in recent studies (55,56). In-
terestingly, the exact position of the +1 nucleosome was de-
pendent on the factor sort. The +1 nucleosome was closer to
the MaxTSS for the least TBP-dependent promoters. This
can be seen by comparing the nucleosome occupancy to the
average +1 nucleosome position (yellow line) (Figure 6E).
TAF1-dependency was the opposite with the +1 nucleo-
some closer to the MaxTSS for the most dependent pro-
moters.

Evidence for a direct TBP /nucleosome interaction

The TBP-TFIIA subcomplex is capable of binding to TATA
box sequences in nucleosomal DNA in vitro (57) and a cryo-
EM structure of TBP-TFIIA-nucleosome was recently re-
solved (22) (Figure 6F). To investigate if this chromatin
feature could be identified in cells, fragMaps from TBP
DFF-ChIP data from HFF cells (19) were created. This
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approach allows the visualization of the distribution of
DNA fragments of various lengths (y-axis) protected from
DFF at each position £ 350 bp surrounding a MaxTSS (x-
axis). The maximum average value in the window sets the
darkest value in the heatmap. A total of 11 561 truQuant
TSRs were identified in HFF cells from PRO-Cap data (43).
Two fragMaps were created, for truQuant TSRs contain-
ing a TBP-motif in the —36 to —19 region upstream of the
MaxTSS (n = 308) and for the truQuant TSRs without the
TBP motif (n = 11,253). The two common features most
readily apparent are the PIC (~75 bp fragments) and the
PIC/+1 nucleosome (~230 bp fragments) (Figure 6F). In-
terestingly, unique to the TBP-motif containing truQuant
TSRs are TBP containing ~45 bp fragments and ~160-
170 bp fragments containing TBP and a nucleosome (Fig-
ure 6F). SLNF11, NRIP3 and GADD45G are examples
of TBP-motif containing genes with some of the highest
TBP/nucleosome feature counts (Figure 6F). Of the 9253
TRSs that overlap between the HFF and HAP1 data sets,
the 253 TSRs that contain a TBP binding motif are signif-
icantly more TBP-dependent than the rest (Supplementary
Figure S6C; P < 0.0001, Mann—Whitney test).

Having identified four TBP containing features, we were
interested in determining how they partitioned across the
308 TSRs containing the TBP motif. This was accomplished
by quantifying the amount of each feature for each TSR
using the feature parameters specified in Supplementary
Figure S6D and calculating the Pearson’s correlation co-
efficient for each feature with all others and with the sum
of all TBP containing complexes (Supplementary Figure
S6D). As anticipated, the TBP feature had a moderate
positive correlation (r = 0.5) with the PIC. The TBP fea-
ture also has a moderate positive correlation (r = 0.49)
with the TBP/nucleosome. However, almost no correlation
(r = 0.08) between PIC and TBP/nucleosome was found.
That is, at TBP motif containing loci, TBP will ultimately
associate with either a PIC or with a nucleosome, but not
with both. Because the size of the TBP/nucleosome is the
same as a Pol II abutted to a nucleosome, we verified that
the TBP/nucleosome feature was absent in a Pol II (Ser5P)
fragMap (19) for the same 308 truQuant TSRs and for the
rest of the TSRs (Supplementary Figure S6E). Altogether,
these data show that TBP motif containing truQuant TSRs
can exhibit a TBP/nucleosome feature and this complex
cannot co-exist with PIC to any significant degree (Supple-
mentary Figure SOF).

Ribosomal protein genes (RPGs)

Finally, we turned our attention to the 77 RPGs that are
generally highly expressed and have a special initiator that
lacks purines. The average base distribution around the
MaxTSS for the RPGs is dominated by the RPG initiator
from —4 to +5 (Supplementary Figure S6G). Interestingly,
there is a G rich region from +20 to +35 reminiscent of the
TAF1 dependent promoters (see Figure 5B) except for those
promoters the region starts farther upstream at about +5. A
little less than half of the RPG promoters have a TA rich re-
gion from —32 to —25 that might interact with TBP although
two studies in Drosophila (58,59) have concluded that RPGs
utilize the TBP like protein TRF2 (TBPLI1 in humans) in-

stead of TBP. The human RPGs have a wide variation in
TBP-dependency from 1 to 8, but otherwise fairly normal
and uniform dependencies on TFIIB, TAF1 and XPB (avg.
dependencies of 5.3, 1.8 and 1.4 respectively) (Supplemen-
tary Figure S6H). Because of the TBP dependency of the
human RPGs, fragMaps were generated from the 2000 bp
region surrounding the MaxTSS of the 77 RPGs in HFFs
(Supplementary Figure S6I). Pol IT (F12 antibody to the
large Pol II subunit) and Pol II SerSP DFF-ChIP data
clearly demonstrated that RPG promoters have the stan-
dard paused Pol II (free pause ~50 bp fragments and nu-
cleosome abutted ~180 bp fragments) as well as PICs (~70
bp fragments) and nucleosome abutted PICs (~230 bp frag-
ments). TBP DFF-ChIP confirmed that PICs were promi-
nent features with some TBP/nuc complexes (~175 bp frag-
ments) and TBP upstream protection (~45 bp fragments).
H3K4me3 DFF-ChIP revealed highly positioned +1 nucle-
osomes. The relatively high TBP dependency and the domi-
nant TBP containing PIC over the RPG promoters suggests
that TBP plays a major role in expression of human RPGs.
However, we cannot rule out a function for TRF2.

DISCUSSION

In this study, we report the effects of selective, acute deple-
tion of TBP, TAF1, TFIIB and XPB on transcription in hu-
man cells. Depletions were robust, with less than 10% of the
factors remaining after a 2 h treatment. Effects were quan-
tified for the All TSRs promoter set (n = 72 095), which
includes major and minor promoters driving active genes
in the sense and divergent direction and active enhancers,
and for the truQuant TSRs set, which includes the ma-
jor promoter for each active gene (n = 10 273). Initiation
was quantified using PRO-Seq 5’ end data from promoter-
proximally paused Pol II. Gene body transcription for the
truQuant set was quantified using PRO-Seq 3’ ends down-
stream of the main pause region up to the main CPS af-
ter blocklisting other promoters in that region. Remarkably,
for both promoter sets only TFIIB depletion caused an av-
erage ~10-fold reduction on initiation by Pol IT equivalent
to the level of factor depletion. The average dependencies
for TBP, TAF1, and XPB were only 1.6-, 2.0- and 1.7-fold
respectively for the larger All TSRs set. Though the aver-
age dependency for these three factors was relatively modest
across both promoter sets, values for individual promoters
varied over a broad range, particularly for TBP.

TFIIB had the highest dependency even though only
about half of it was found associated with chromatin, which
could have lessened its dependence as the depleted factor
was replaced from the free pool. TFIIB is unique among
the GTFs because it interacts Pol II near the active site (60).
It is not only required for Pol II transcription in vitro with
the full GTF set, it is also required for transcription on pre-
melted TATA box templates with only pure Pol II and TBP
(61). Point mutations in TFIIB have been reported which
affect TSS selection (62) and the efficiency of early elon-
gation (63). This last point is particularly interesting since
the most TFIIB-dependent promoters have a distinctive ini-
tially transcribed region where the nascent hybrid would be
especially stable due to high GC content (Figure 5B). Alter-
natively, the initially transcribed region for the most TFIIB



dependent promoters has a significant enrichment for C
residues. Because CTP is the limiting NTP in the cells (64),
transcription would be slower which would favor abortive
initiation. It is possible that TFIIB helps to overcome this
abortive initiation by stabilizing the short hybrid. Interest-
ingly, TFIIB dependence had an inverse correlation with the
amount of PIC assembled (Figure 6E).

Both TBP and TAF1 are key constituents of TFIID
which is generally thought to be recruited to all Pol II pro-
moters as the first step in the formation of a PIC. We found
that only a small fraction of promoters (<10%) were highly
TBP dependent. Those promoters are distinguished by the
presence of a TBP-specific motif about 30 bp upstream of
the TSS. One potential explanation for the low number of
TBP dependent genes is the existence of two TBP related
factors TRF2 (TBPL1) and TRF3 (TBPL2) that might sub-
stitute for TBP. However, TRF2 functions primarily in germ
line cells and is not required for embryonic development
(65,66). TRF2 does not contain the crucial residues used
by TPB to recognize the TATA element and cannot substi-
tute for TBP in TFIID (67). We cannot rule out a significant
function for TRF2 in HAP1 cells, but it should not be con-
sidered a potential substitute for TBP. The TRF3 gene is
not expressed in HAP1 cells based on our PRO-Seq data.
The footprint of TFIID on promoter DNA in vitro (4), the
general sequence signature of Pol II promoters (18), and de-
tailed functional analyses of several TATA-less promoters
all emphasize that promoter recognition likely involves im-
portant contacts downstream of the TSS, particularly from
about +25 to +35. Structural work reinforces earlier obser-
vations that TAF1 is primarily responsible for recognition
of these G-rich downstream elements (DSEs). Consistent
with this, we find that the most TAF1 dependent promoters
are enriched in G residues from the TSS to ~+35, which
includes the previously described DSEs (Figure 5B). Re-
cent studies demonstrate that PICs assembled in vitro with
TFIID on fully TATA-less promoters contain TBP interact-
ing with DNA about 30 bp upstream of the expected TSS
(3). This agrees with the idea that TBP is generally present
in PICs even in the absence of any high-affinity TBP binding
site.

Dependency on XPB was subtle, but XPB depletion did
have a negative effect on almost all Pol II promoters. The
role of the ATPase activity of XPB in Pol II transcription
has been difficult to resolve. The covalent inhibitor trip-
tolide blocks Pol II initiation in vitro (68) and in vivo if
added at high enough concentration for extended periods
(69). However, depletion of XPB in cells did not affect Pol
II transcription and also eliminated the negative effect of
triptolide (10). A recent study demonstrated that template
DNA within a complete Pol II PIC is already partly dis-
torted, poised to become fully melted (70). Thus, while XPB
in PICs may not be generally required for initiation, co-
valently blocking its ATPase activity could ultimately in-
terfere with template melting or promoter clearance. The
promoters most dependent on XPB have a distinctive se-
quence composition, GC rich around —30 and G-poor over
the DSEs, indicating that these promoters should be the
least likely to support the assembly of a stable PIC (Fig-
ure 5B). This was exactly what was found when looking at
PIC heatmaps in which XPB dependence was inversely cor-
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related with PIC levels (Figure 6E). This suggests that XPB,
like TFIIB, is most important when a stable PIC is least
likely to assemble.

As shown diagrammatically on the left in Figure 7A, two
very broad promoter classes can be envisioned which pri-
marily rely either on TBP-template interactions or TAF-
template interactions. Only TBP dependent promoters also
support a sub-PIC complex centered on the TBP-specific
motif (Figure 6F, S6E), emphasizing how central TBP-
template interactions are for this promoter class. TBP de-
pendent promoters are less likely to have directly abut-
ted +1 nucleosomes, while such contact is more likely for
the TAF1-dependent promoters (Figures 5C, 6E). This is
consistent with the possibility that PIC assembly could be
facilitated by TAF interactions with adjacent H3K4me3-
modified nucleosomes. Our TBP DFF-ChIP analysis also
revealed that the TBP/nucleosome is a common feature
in loci with TBP-specific motifs and high levels of TBP
(Figure 6E, S6E). A direct interaction of TBP with a nu-
cleosome has only previously been demonstrated in vitro
(22,57). The TBP/nucleosome is incompatible with conven-
tional PIC formation. The ability of TBP to interact di-
rectly with the nucleosome may partially explain why TBP-
specific motif containing promoters are driven by TFIID in
vivo even though transcription of such promoters in vitro re-
quires only TBP. The downstream TAF-DNA interactions
could prevent inactivation of the promoter by nucleosome
encroachment to interact with TBP.

Since the large majority of promoters lack TBP-specific
motifs, PIC assembly at these promoters should rely on the
overall interaction of TFIID with DNA, particularly TAF1
with the DSEs. However, dependency on TAF1 is typically
only about 2-fold. In this context it is important to note ear-
lier observations that TFIID-promoter interactions can be
independent of both TBP and TAF1. Tora and colleagues
have shown that a subcomplex of TFIID lacking both TBP
and TAF1 can be purified and crucially can support tran-
scription in vitro, even on a TATA promoter (23). More re-
cent studies reported that a stable TFIID core depends par-
ticularly on TAF4 and not on TBP or TAF1. This is partic-
ularly relevant because TAF4 can provide specific promoter
contacts upstream of the TSS (6). PIC assembly in the ab-
sence of either TBP or TAF1 might therefore be supported
by subcomplexes of TFIID. As noted above, promoters that
are most dependent on either TFIIB or XPB seem to lack
the canonical TFIID promoter elements (Figure 5B). For
these promoters, factors bound upstream of ~-40 could in-
teract with Mediator to directly recruit Pol II. Pol IT in turn
can interact with TFIIH and TFIIB, providing the neces-
sary minimal machinery to support transcript initiation in
the absence of both TBP and TAF1.

Comparison of our results with previous studies in which
GTFs were knocked down illuminates some similarities and
discrepancies. Fant et al. (71) rapidly depleted TAF1 us-
ing TRIM-Away in HCT116 cells and reported PRO-Seq
data demonstrating that paused transcripts increased glob-
ally while gene body transcripts were relatively constant.
This finding along with in vitro assays led to the conclusion
that TFIID is required for pausing. These results are not
consistent with our observations that TBP or TAF1 deple-
tion leads to a decrease in paused Pol II due to inhibition of
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Figure 7. Effects of GTF depletion on initiation and elongation. (A) Phases of Pol II initiation. TFIID is recruited by core promoter elements and/or a
positioned +1 nucleosome and through interactions with other TFs. TBP-dependent promoters have the most stable recruitment due to TBP interaction
with its binding motif which is likely quickly stabilized by TFIIA. TAF1-dependency relies in part on TAF1 interaction with a G-rich downstream element
and a positioned +1 nucleosome. XBP- and TFIIB-dependence occurs on the least stable interactions that require rapid initiation before loss of TFIID.
After TFIID recruitment, the other GTFs associate to complete the PIC which then initiates. (B) RNA polymerase II elongation control with a depiction of
the effect of compensatory P-TEFDb release from the 7SK snRNP. Lifetimes and elongation rates for the four phases of the transcription cycle are indicated.
P-TEFb dependent phosphorylation of DSIF normally occurs during the transition into productive elongation and is reversed downstream of the CPS.
Termination occurs during promoter-proximal pausing and downstream of the CPS. Reduction of productive elongation leads to compensatory release
of P-TEFDb from the snRNP which we hypothesize leads to enhanced phosphorylation of DSIF to both increase gene body transcription and to delay
termination downstream of the CPS. Green dashed outline and arrows indicate activity of released P-TEFb.

initiation and not to a downstream displacement of pause
locations (Figure 1C). The basis for this discrepancy is not
clear, but it is worth noting that the dataset normalization
in Fant et al. (71) did not rely on spike-ins and the depletion
of TAF1 in that study also caused an even higher level of de-
pletion of TAF2. Another study depleted TFIIB from HeLa
cells with siRNA. Based on microarray analysis, these au-
thors found that TFIIB was dispensable for transcription of
many human promoters but was essential for herpes simplex
virus-1 gene transcription and replication (72). Most cells
survived the 80 h treatment with siRNA. The relative dis-
tributions of mRNA levels were not dramatically affected
in that study but effects on the absolute level of mRNAs
were not determined. TBP knockout in mice was lethal at
the embryonic blastocyst stage, but prior to that stage Pol I
and Pol 111 transcription was dramatically reduced while Pol
IT transcription remained robust as determined by nuclear
run on assays (73). This is similar to our finding with Pol
I1. We did not observe strong reduction in Pol I and some

Pol III transcription but we would stress that our knock-
downs lasted only 2 h. Teves et al. (74) found that depletion
of TBP during mitosis using a drug induced degron system
(6 h treatment) showed only small effects on Pol II as mea-
sured by ChRO-Seq in asynchronous mESCs. As we also
found, there were no changes observed for Pol I, but Pol I1I
transcription was dramatically affected. Petrenko ez al. (75)
used anchor away to deplete many GTFs including TBP,
TFIIB and TAFI in budding yeast and concluded based
on ChIP-Seq results that all of these depletions broadly af-
fected transcription. That study was focused on PIC forma-
tion and not transcription and used a method that can lead
to loss of function of entire complexes such as TFIID even
though only one subunit is targeted (76). We note that di-
rect comparisons of transcription factor function between
yeast and mammals should be interpreted with caution.
We find that after digesting nuclei with DFF, PICs can
be readily recovered with an antibody to TBP (Figure 6F,
S6E) (19). This is somewhat surprising, since a complete



PIC should immediately support initiation and therefore
PICs would to be expected to be transient and difficult to
detect. In the conventional PIC assembly pathway, TFIIH
is the last GTF to associate, suggesting the possibility that
complexes with PIC dimensions recovered with a TBP anti-
body could have resulted from incomplete TFIIH loading.
However, PICs are also effectively recovered with an anti-
body to the Pol II CTD phosphorylated at Ser5 (19). Such
complexes must have contained Cdk7 and presumably also
XPB. In the final steps of in vitro PIC assembly, the down-
stream template associations of the TAFs are displaced by
XPB (Figure 1A). We speculate that nascent PICs could be
trapped in a transcriptionally inactive state because of fail-
ure to complete this final stage of PIC assembly.
Supporting the idea that at least some PICs are relatively
stably bound, we found that depletion of TBP led to an in-
crease in TSRs that are nearby highly TBP-dependent TSRs
driven either by Pol II or Pol III (Figure 3). Presumably, the
loss of TBP destabilizes the PIC and allows the transcrip-
tional machinery to utilize other TSRs that were buried un-
der the TBP containing complexes over the TBP-dependent
TSR. These complexes can include nucleosomes that are as-
sociated with the PIC or directly with TBP (19). While re-
duction of TBP-dependent PICs can be easily imagined to
occur after depletion of TBP, the loss of neighboring nucle-
osomes downstream for Pol II or upstream for Pol IIT must
be more complicated. The simplest explanation is that Pol IT
and Pol III PICs stabilize the nearby nucleosomes which are
usually close packed (19) unlike in bulk chromatin. Loss of
the PIC’s influence on stability could allow remodeling and
access of the nearby TSRs to the transcription machinery.
Sequence-specific TFs play critical roles in promoting
transcription initiation by recruitment of the PIC, chro-
matin remodelers, and coactivators (77,78). Ubiquitously
expressed TFs include the well-studied SP1, YY1, ETS,
NRF1 and NF-Y which have been found in promoter re-
gions (79). Binding sites for these factors were enriched near
the TSSs for a substantial fraction of the promoters in the
All TSRs set (Figure 6A). The SP1, NRF1 and NF-Y sites
were found primarily upstream of TSSs. These sites showed
a 10-bp periodic spacing over some portion of the upstream
region, consistent with the possibility that particular ori-
entations of the factor along the face of DNA favor inter-
actions with the core transcriptional machinery. The NF-
Y sites in particular were primarily located upstream of
the usual position of TBP-specific motifs, consistent with
the fact that NF-Y sites are enriched for the most TBP-
dependent promoters (Figure 6B). YY1 sites are most likely
to occur at or just downstream of the TSS, a strikingly dif-
ferent location from the other factor sites. This suggests
that YY1 is not functioning as a stimulatory factor for con-
ventional PIC assembly but instead as a direct participant
in the transcription complex. That possibility is consistent
with earlier reports that YY1 is able to drive transcription
in vitro from a supercoiled template in the absence of TBP
and TFIIH (80). Furthermore, TFIIB relieves YY1 tran-
scriptional repression of vitamin D receptor-mediated tran-
scriptional response (81). YY1 motifs are correlated with
TSR strength but anti-correlated with dependence on the
GTFs, particularly TFIIB (Figure 6D). That is, YY1 sites
are most often found at/near the TSSs of relatively strong
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promoters that nevertheless lack other motifs that could di-
rect transcript initiation. Y'Y 1-dependent promoters could
represent one class of promoters that do not function pri-
marily through assembly of a conventional PIC.

One of the major findings of our study was the blunted
effect of GTF depletion on Pol II transcription of gene bod-
ies. The decrease in promoter-proximally paused transcripts
caused by reduced efficiency of initiation was much greater
than that seen in gene bodies (Figure 4D). This likely re-
sulted from higher levels of P-TEFD activity, because any
reduction in productive elongation in cells leads to release
of P-TEFb from the 7SK snRNP (31), presumably to com-
pensate for the decrease (Figure 7B). In turn this leads to
an additional decrease in the paused Pol II, an effect most
easily seen for the genes with the lowest initial level of pro-
ductive elongation (Supplementary Figure S4B). It is likely
that the increased dependency calculated from reduction of
paused Pol IT due to increased P-TEFb was relatively minor
because on average only 10% of paused Pol II complexes
enter productive elongation and the rest terminate with a
half-life of seconds to minutes (69,82,83). A similar com-
pensatory effect by P-TEFDb on pause release was recently
hypothesized following depletion of the Med 14 Mediator
subunit (84).

The dramatic alteration in behavior of Pol I downstream
of the CPS seen after depletion of TFIIB and to a lesser
extent TAF1 (Figure 4F, Supplementary Figure S4A) may
also be explained by the increase in active P-TEFb. TFIIB
depletion led to an increase in the level of nascent tran-
scripts downstream of the CPS and a dramatic increase in
the average distance of Pol II downstream from the CPS.
This is likely caused by a reduction in termination efficiency.
In yeast, TFIIB has been implicated in Pol I termination
downstream of CPSs and in linking the 5" and 3’ ends of
genes (85,86). Additionally, TFIIB interaction with Pol II
blocks the RNA exit channel (87), suggesting a possible di-
rect effect on termination. In yeast and mammals, TFIIB
has been found to localize at 5 and 3’ ends of genes where
it interacts with cleavage and polyadenylation factors (88—
91). However, the Fisher lab has reported that P-TEFb can
regulate the exonuclease activity of Xrn2 (92) which drives
termination. Recent studies have uncovered a mechanism
in which regulation of DSIF phosphorylation by P-TEFb
and the opposing function of phosphatases PP1 and per-
haps PP4 are involved in the termination process in yeast
(93) and mammals (94). Based on these last observations,
we hypothesize that the effect of TFIIB depletion on termi-
nation is due to increased P-TEFDb activity triggered in com-
pensation for reduced gene body transcription. In support
of this idea, rampant runaway transcription downstream of
CPSs has been reported as a consequence of knockdown
of 7SK leading to excess P-TEFDb activity in cells (95,96).
Additional support for this model can be seen in Figure 4,
where depletion of TAF1 leads to both release of P-TEFb
from the 7SK snRNP and a termination defect similar to
but more modest than the defect caused by depletion of
TFIIB. The fact that depletion of TFIIB and TAF1 have ef-
fects on termination at 3’ end of genes that are proportional
to their effects on initiation favors a common mechanism
involving P-TEFb rather than on the specific properties of
the individual GTFs.
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TBP is also required for transcription driven by RNA
polymerases I and I1I (47). We did not detect major changes
in transcription of preribosomal 45S rDNA loci (average
dependency of 1.5) as a result of depletion of TBP. This
could be due to much more stable binding of TBP to the
Pol I promoter (55). Dominant TBP containing features di-
rectly upstream of the 45S rRNA TSS and at other sites up-
stream and downstream of the 45S gene have been visual-
ized with DFF-ChIP (49). Among the Pol I1I transcription
units, only tRNA genes were severely affected upon reduc-
tion of TBP levels (average dependency ~10). Other Pol 111
targets including the snRNA genes U6, 7SK and 7SL were
unperturbed following TBP depletion (average dependency
of 1.1). Neither Pol I nor Pol III activity had any significant
dependency on the other factors. The type II class tRNA
promoters contain a TATA-like sequence upstream of the
TSS while the U6 and 7SK type III promoters contain both
a TATA-like sequence and upstream proximal (PSE) and
distal (DSE) sequence elements (97). These additional reg-
ulatory sequences for the type I1I promoters are recognized
by multiprotein complexes that may support effective Pol
IIT recruitment and transcription initiation (98) even when
TBP levels are greatly reduced. The U1-US5, U1l and U12
snRNA genes which are transcribed by Pol II were strongly
dependent on TBP and TFIIB but not TAF1. This agrees
with previous results showing that a different TBP-TAF
complex that does not include TAF1 is formed at these loci
(48).

Results reported here with GTF knockdown and DFF-
ChIP suggest that conventional models of assembly of the
Pol II transcriptional machinery at promoters are over-
simplified. Loss of TBP has little effect outside of TBP-
specific motif containing promoters and loss TAF1 causes
surprisingly modest reduction of transcription at promoters
lacking the non-TBP-specific motif. The roles of subcom-
plexes of TFIID and the +1 nucleosome in PIC assembly
should be considered, as well as the possibility that Pol IT
recruitment by upstream factors provides promoter func-
tion at some locations in the absence of canonical consen-
sus elements near the TSS. It will be important to determine
the full repertoire of mechanisms that control assembly and
stability of functional Pol II transcription complexes at pro-
moters.
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