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ABSTRACT

Coactivator complexes regulate chromatin accessi-
bility and transcription. SAGA (Spt-Ada-Gcn5 Acetyl-
transferase) is an evolutionary conserved coactiva-
tor complex. The core module scaffolds the entire
SAGA complex and adopts a histone octamer-like
structure, which consists of six histone-fold domain
(HFD)-containing proteins forming three histone-
fold (HF) pairs, to which the double HFD-containing
SUPT3H adds one HF pair. Spt3, the yeast ortholog
of SUPT3H, interacts genetically and biochemically
with the TATA binding protein (TBP) and contributes
to global RNA polymerase II (Pol II) transcription.
Here we demonstrate that (i) SAGA purified from hu-
man U2OS or mouse embryonic stem cells (mESC)
can assemble without SUPT3H, (ii) SUPT3H is not
essential for mESC survival, but required for their
growth and self-renewal, and (iii) the loss of SUPT3H
from mammalian cells affects the transcription of
only a specific subset of genes. Accordingly, in the
absence of SUPT3H no major change in TBP ac-
cumulation at gene promoters was observed. Thus,
SUPT3H is not required for the assembly of SAGA,
TBP recruitment, or overall Pol II transcription, but
plays a role in mESC growth and self-renewal. Our
data further suggest that yeast and mammalian
SAGA complexes contribute to transcription regula-
tion by distinct mechanisms.

GRAPHICAL ABSTRACT

INTRODUCTION

Formation of the transcription preinitiation complex (PIC),
containing RNA polymerase II (Pol II) and six general tran-
scription factors (GTFs), is a major regulatory step in eu-
karyotic gene expression (1,2). PIC formation is mediated
by TFIID and the accessibility of the transcription machin-
ery to template DNA is controlled by co-activator com-
plexes. The SAGA complex (Spt-Ada-Gcn5 Acetyltrans-
ferase) is an evolutionary conserved, multifunctional co-
activator composed of about 18–20 subunits (3,4). Early ge-
netic studies, predominantly performed in yeast, have estab-
lished that SAGA is organized into distinct functional and
structural entities, now called modules. These modules com-
prise a structural core, histone acetyltransferase (HAT), hi-
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stone deubiquitinase (DUB), TBP-binding, and transcrip-
tion factor (TF)-binding activities (5).

Saccharomyces cerevisiae (y) SPT3 was isolated as an
allele-specific suppressor of a mutation in the TBP gene,
which encodes the TATA binding protein (TBP), suggest-
ing that Spt3 may play a role in recruiting yeast SAGA
(ySAGA) to promoters (6–8). The TBP-binding module of
ySAGA comprises Spt3 and Spt8, which both interact with
TBP directly (9,10). Recent high resolution cryo-electron
microscopy (cryo-EM) structures of ySAGA complexes in-
dicated that the core structural module contains a histone
octamer-like structure consisting of seven histone fold do-
main (HFD)-containing proteins, including Ada1/Taf12,
Taf6/Taf9 and Taf10/Spt7, which form three HF pairs,
and Spt3, which harbours two HF domains forming an in-
tramolecular HF pair (10–12). Interestingly, Spt3 is homol-
ogous to the corresponding Taf11/Taf13 HF heterodimer
in TFIID, and Spt3 of ySAGA binds the same side of TBP
as does the Taf11/Taf13 HF pair (12–16). Purified recom-
binant TBP binds to the histone octamer-like structure of
ySAGA through Spt3 and Spt8 (10,14), further arguing
that yeast SAGA contributes to TBP delivery to core pro-
moters. Indeed, structural and biochemical evidence sug-
gest a model by which Spt3 prevents spurious TBP bind-
ing to DNA through steric hindrance, which is relieved by
the synergistic binding of TFIIA and a cognate TATA el-
ement to TBP (10). In agreement, transcription of stress-
inducible genes containing a TATA box in their promot-
ers is more sensitive to SAGA subunit mutations than to
TFIID subunit mutations (17). However, recent analyses in
yeast based on quantification of newly synthesized mRNA,
demonstrated that both TFIID and SAGA are required for
the transcription of almost all Pol II genes, although each
subunit may act through different mechanisms and thus to
different extent (18–20). Interestingly, ySAGA can assemble
in absence of Spt3 and Spt8 and SPT3 mutant yeasts are vi-
able and show a mild growth phenotype (9,21,22). Surpris-
ingly, however, constitutive deletion of SPT3 has a global ef-
fect on Pol II transcription indicating that Spt3 contributes
to the expression of a large fraction of genes in S. cerevisiae
(18).

The modular organization of mammalian SAGA com-
plexes is very similar to that of their yeast counterparts
(4). For example, their histone octamer-like structure is
built up by three homologous HF pairs, TADA1/TAF12,
TAF6L/TAF9/9b and TAF10/SUPT7L, and SUPT3H,
the mammalian homologue of yeast Spt3 (23,24). However,
metazoan SAGA complexes are lacking a Spt8 homologue
(4) and there is currently no evidence that the SAGA me-
diated loading of TBP is conserved beyond S. cerevisiae.
In addition, fly and mammalian SAGA complexes contain
also a splicing module (4,24,25).

Here, we investigated the role of SUPT3H in SAGA com-
plex assembly, Pol II transcription regulation and TBP re-
cruitment to target gene promoters in human U2OS and
mouse embryonic stem cells (ESCs). Our results indicate
that, in both cell types, SAGA subunit composition is not
affected by the absence of SUPT3H, similar to S. cerevisiae
(9,21,22). In contrast, we observed a striking divergence be-
tween ySpt3 and mammalian SUPT3H orthologues in their
regulatory roles. While we previously showed that yeast

Spt3 contributes to global Pol II transcription (18), we show
here that SUPT3H is required only for the expression of
a limited number of genes in both cell types. TBP recruit-
ment experiments further show that absence of SUPT3H
does not affect TBP binding to selected gene promoters.
Despite these limited regulatory roles, we found that Supt3
gene inactivation in mESCs affects growth and self-renewal.
Together these data suggest that the role of SUPT3H in
gene transcription diverged substantially between yeast and
mammals, suggesting either that mammalian SAGA com-
plexes contribute to transcription regulation by distinct
mechanisms, or that SAGA-dependent TBP delivery to pro-
moters requires other subunits.

MATERIALS AND METHODS

Reagents

Reagents are described in Supplementary Table S1.

Biological resources

Biological resources are described in Supplementary Table
S2, and see below:

a) Generation of stable Flag-SUPT3H overexpressing
U2OS cell lines

The coding region (CDS) of the human SUPT3H gene
was PCR amplified from the pREV-SUPT3H vector (26)
using HA and 13662980/1 primers described in Supple-
mentary Table S3, and Phusion™ High Fidelity polymerase
(Thermo Fisher Scientific, Cat# F-530), following manu-
facturer’s instructions. This first PCR product was puri-
fied on a gel using NucleoSpin Gel and PCR Clean-up
kit (Macherey-Nagel, Cat# 740609.50). A second round of
PCR using the same primer pair was performed to amplify
the first amplicon and to eliminate pREV-SUPT3H tem-
plate. The final product was purified on gel and cloned into
the pSG5-puro A frame expression vector (27). First the
SUPT3H PCR product was digested with Xho I and Sma
I restriction enzymes (New England Biolabs, Cat# R0146
and R0141), and purified using Nucleospin® PCR clean-
up kit (Macherey-Nagel, Cat# 740609.50) and ligated into
a gel purified Xho I and Sma I fragment of the pSG5-
puro expression vector using T4 DNA ligase (New England
Biolabs, Cat# M0202). The ligation was transformed in
DH5� competent bacteria and ampicillin resistant colonies
were selected and validated by sequencing. The pSG5puro-
hSUPT3H final plasmid was amplified and purified us-
ing Xtra Maxi NucleoBound kit (Macherey-Nagel, Cat#
740414.50).

U2OS cells were transfected with 5 �g of circular
pSG5puro-hSUPT3H plasmid, using Lipofectamine 2000
following manufacturer’s instructions (ThermoFisher Sci-
entific, Cat# 11668019). One single cell per well was seeded
in 96-well plates using the BD Biosciences FACSAria II (BD
Biosciences) apparatus. After a 10-days puromycin selec-
tion, positive cell clones were selected by western blot anal-
ysis using the anti-FLAG and anti-SUPT3H antibodies.

b) Generation of Supt3–/– mutant mESC lines
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Mouse E14 ESCs were transfected with a plasmid con-
struct encoding for two sgRNAs (sequences in Supplemen-
tary Table S4) as well as a Cas9-GFP fusion protein at
a confluency of 70–80% using Lipofectamine2000 (Ther-
moFisher Scientific, Cat# 11668019) following manufac-
turer’s instructions. Two days after transfection, cells were
selected for expression of the Cas9-GFP fusion protein by
fluorescence activated sorting and five 96-well plates were
seeded with one GFP positive cell per well using the BD
FACSAriaTM II (BD Biosciences) apparatus. Clones were
amplified and genomic DNA was extracted to select knock-
out clones by PCR, using the Phire direct PCR kit (Thermo
Scientific, Cat# F-1265) following manufacturer’s instruc-
tions. Primer sequences for PCR are shown in Supplemen-
tary Table S3. Homozygous mutant clones were sequenced
using primers spanning the deletion site (Supplementary
Table S3).

Cell culture conditions

Human HeLa cervical carcinoma cells (CCL-2; ATCC)
and human U2OS osteosarcoma cells (HTB-96; ATCC)
and U2OS Fl-SUPT3H cells were cultured using DMEM
medium supplemented with 10% fetal calf serum (Sigma
Aldrich, Cat# F7524) and 40 �g/ml gentamycin (KALYS,
Cat# G0124-25). Cells were grown at 37◦C in a humidified,
5% CO2 incubator.

Mouse ES E14 cells were cultured on plates coated with
0.1% gelatin solution in 1× PBS (Dutcher, Cat# P06-20410)
using DMEM medium supplemented with 15% fetal calf
serum ES-tested (ThermoFisher Scientific, Cat# 10270-
106), 2 mM L-glutamine (ThermoFisher Scientific, Cat#
25030-024), 0.1% �-mercaptoethanol (ThermoFisher Sci-
entific, Cat# 31350-010), 100 UI/ml penicillin and 100
�g/ml streptomycin (ThermoFisher Scientific, Cat# 15140-
122), 0.1 mM non-essential amino acids (ThermoFisher
Scientific, Cat# 11140-035) and 1500 U/ml leukemia in-
hibitory factor (home-made). For medium described as
FCS + LIF + 2i medium, 3 �M CHIR99021 (Axon Med-
chem, Cat# 1386) and 1 �M PD0325901 (Axon Medchem,
Cat# 1408) were added freshly to the medium. Cells were
grown at 37◦C in a humidified, 5% CO2 incubator.

Schizosaccharomyces pombe cells were grown in auto-
claved YES medium (yeast extract, adenine, histidine,
uracil, leucine, lysine, 3% glucose) at 32◦C.

Clonal assays of mouse ESCs

For clonal assay analyses, 1500–3000 cells, adapted to the
respective media through at least three passages, were plated
in wells of six-well plates. Medium was changed every other
day. On the sixth day, colonies were washed twice with
1× PBS before fixation with 4% paraformaldehyde (Elec-
tron Microscopy Sciences, Cat# 15710, 16% solution) for
30 min followed by two washes with 1× PBS at room tem-
perature. To assess the alkaline phosphatase (AP) activity
of mESC colonies, Alkaline Phosphatase Kit (Vector Labo-
ratories, Cat# SK-5100) was used following manufacturer’s
instructions. Colonies were stained with AP for 5–10 min.
For clonal assay analyses in FCS + LIF medium, an addi-
tional staining with 0.1% crystal violet was performed after
AP staining for at least 30 min.

Quantification of clonal assays

For clonal assay analyses in FCS + LIF + 2i medium,
colony areas were measured automatically using ImageJ
software (28). For clonal assay analyses in FCS + LIF
medium, the colonies were counted manually using the Im-
ageJ interface. We considered colonies as AP+ colonies if
they either stained entirely red or if they possessed a centre
of red cells surrounded by unstained cells. The total number
of colonies as assessed by crystal violet staining, was used
for normalization between replicates.

4sU metabolic labelling

Metabolic labelling of newly synthesized RNA was adapted
from previously described protocols (29–31). In brief, cells
were plated the day before to reach >90% of confluency be-
fore labelling. The nucleoside analogue 4-thiouridine (4sU)
(Glentham Life Sciences, Cat# GN6085) was added to the
cell culture medium at a final concentration of 500 �M for a
20-min pulse for mouse ES E14 and human U2OS cells. Af-
ter the labelling period, the medium containing 4sU was re-
moved, the cells were washed with ice cold 1× PBS and im-
mediately lysed using TRI Reagent® (Molecular Research
Center Inc., Cat# TR 188).

S. pombe cultures were grown to an OD600 of 0.8. Four-
thiouracil (Sigma Aldrich, Cat# 440736) was freshly dis-
solved in DMSO and added to the cultures at a final con-
centration of 1 mM. Labelling was performed for 6 min. Af-
ter this time period, yeast cells were pelleted, washed with
ice-cold 1× PBS and aliquoted before being flash frozen in
liquid nitrogen and stored at –80◦C.

Total RNA extraction

Total RNA was extracted following TRI Reagent® (Molec-
ular Research Center Inc., Cat# TR 188) manufacturer’s
instructions. To remove any potential genomic DNA con-
tamination from the total RNA extracts, the TURBO
DNA-free™ Kit (ThermoFisher Scientific, Cat# AM1907)
was used following manufacturer’s instructions for rigorous
DNase treatment.

For total RNA extraction of yeast cells, the RiboP-
ure™ RNA Purification Kit (ThermoFisher Scientific, Cat#
AM1926) was used following manufacturer’s instructions.

Reverse Transcription

Reverse Transcription (RT) was performed with 2 �g to-
tal RNA and using 0.4 �g random hexamer primers (Ther-
moFisher Scientific, Cat# SO142) and 10 U Transcriptor
Reverse Transcriptase (Roche, Cat# 03531287001) follow-
ing manufacturer’s instructions.

qPCR

For qPCR, the cDNA samples were amplified using
LightCycler® 480 SYBR® Green 2× PCR Master Mix
I (Roche, Cat# 04887352001) and 0.3 or 0.6 �M of for-
ward and reverse primer respectively. The primer pairs used
for qPCR are listed in Supplementary Table S3. The qPCR
was performed using a LightCycler® 480 (Roche). For the
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assessment of mRNA levels, the obtained threshold-values
were used to calculate the relative gene expression using the
2–��CT method and considering the individual primer pair
efficiencies (32). For TBP ChIP-qPCR, the percentage of in-
put was calculated.

Newly synthesized RNA purification

The purification of newly synthesized RNA was based on
previously described protocols starting from 4sU-labelled
total RNA (29–31). As spike-in, 4sU-labelled S. pombe to-
tal RNA was added in a ratio 1:10 to labelled mESC total
RNA preparations; or in a ratio of 1:25 to labelled U2OS
total RNA preparations, to a final amount of 200 �g of to-
tal RNA prior to newly synthesized RNA purification. The
RNA was precipitated and resuspended in 130 �l RNase-
free water (Sigma Aldrich, Cat# 95284) and sonicated on
a E220 Focused-ultrasonicator (Covaris) using the follow-
ing settings: 1% duty factor, 100 W, 200 cycles per burst, 80
s to reach fragment size range from 10 kb to 200 bp. For pu-
rification, the fragmented total RNA was incubated for 10
min at 60◦C and immediately chilled on ice for 2 min to open
secondary RNA structures. The 4sU-labelled RNA was
thiol-specific biotinylated by addition of 200 �g EZ-link
HPDP-biotin (ThermoFisher Scientific, Cat# 21341), bi-
otinylation buffer (10 mM HEPES–KOH pH 7.5 and 1 mM
EDTA) and 20% DMSO (Sigma Aldrich, Cat# D8418). Bi-
otinylation was carried out for 3 h at 24◦C in the dark and
with gentle agitation. After incubation, biotin excess was re-
moved by adding an equal volume of chloroform and cen-
trifugation at 16 000 g for 5 min at 4◦C. RNA was precip-
itated from the aqueous phase by adding 0.1 volumes of
5 M NaCl and an equal volume of 100% isopropanol fol-
lowed by centrifugation at 16 000 g for 30 min at 4◦C. After
washing with 75% ethanol, the RNA pellet was resuspended
in 100 �l of RNase-free water and denatured for 10 min at
65◦C followed by immediate chilling on ice for 5 min. The
samples were incubated with 100 �l of streptavidin-coated
�MACS magnetic beads (Miltenyi Biotec, Cat# 130-074-
101) for 90 min at 24◦C under gentle agitation. The �MACS
columns (Miltenyi Biotec, Cat# 130-074-101) were placed
on a MACS MultiStand (Miltenyi Biotec) and equilibrated
with washing buffer (100 mM Tris–HCl pH 7.5, 10 mM
EDTA, 1 M NaCl, 0.1% Tween20) before applying the sam-
ples twice on the columns. The columns were then washed
one time with 600 �l, 700 �l, 800 �l, 900 �l and 1 ml wash-
ing buffer before elution of the newly synthesized RNA with
two washes of 100 �l 0.1M DTT. The isolated newly syn-
thesized RNA was recovered either using RNeasy MinE-
lute Cleanup Kit (Qiagen, Cat# 74204) following manufac-
turer’s instructions or by precipitation.

Library preparation of 4sU RNA-seq

For U2OS cells, 4sU RNA-Seq libraries were generated
from 15 ng of purified, newly synthesized RNA using Il-
lumina Stranded Total RNA Prep, Ligation with Ribo-
Zero Plus kit and IDT for Illumina RNA UD Indexes,
Ligation (Illumina, San Diego, USA, Cat# 20040525 and
20040553/4, respectively), according to manufacturer’s in-
structions. Briefly, abundant ribosomal RNAs were de-

pleted by hybridization to specific DNA probes and en-
zymatic digestion. The depleted RNAs were purified and
fragmented using divalent cations at 94◦C for 2 min. Af-
ter random hexamers annealing, fragmented RNAs were
then reverse transcribed into first strand complementary
DNA (cDNA). Second strand cDNA synthesis further gen-
erated blunt-ended double-stranded cDNA and incorpo-
rated dTTP in place of dUTP to achieve strand specificity by
quenching the second strand during amplification. Follow-
ing A-tailing of DNA fragments and ligation of pre-index
anchors, PCR amplification was used to add indexes and
primer sequences and to enrich DNA libraries (30 s at 98◦C;
[10 s at 98◦C, 30 s at 60◦C, 30 s at 72◦C] × 12 cycles; 5
min at 72◦C). Surplus PCR primers were further removed
by purification using SPRIselect beads (Beckman-Coulter,
Villepinte, France, Cat# B23319).

For mESCs, 4sU RNA-seq libraries were generated from
15 to 50 ng of purified, newly synthesized RNA using
TruSeq Stranded Total RNA LT Sample Prep Kit with
Ribo-Zero Gold (Illumina, San Diego, CA, Cat# RS-122-
2301) according to the Illumina protocol with the following
modifications. Four-thiouridine-labelled RNA was cleaned
up using 1.8× RNAClean XP beads and fragmented us-
ing divalent cations at 94oC for 1 min without depletion
of rRNA. While double stranded cDNA synthesis and
adapter ligation were performed according to manufacturer
instructions, the number of PCR cycles for library ampli-
fication was reduced to 10 cycles. After purification us-
ing SPRIselect beads (Beckman-Coulter, Villepinte, France,
Cat# B23319).

All the libraries were sequenced with 1 × 50 bp on a
HiSeq4000 System (Illumina).

Data analysis of 4sU RNA-seq

Reads were preprocessed using CUTADAPT 1.10 (33) in
order to remove adaptors and low-quality sequences and
reads shorter than 40 bp. rRNA sequences were removed
for further analysis. For samples VQFR188, VQFR189,
VQFR191, VQFR192, the remaining reads were aligned to
a hybrid genome composed of hg38 and ASM294v2 as-
semblies of H. sapiens and S. pombe genomes, respectively,
and for mESC samples VQFR25, VQFR26, VQFR29,
VQFR30 and SNVT220, SNVT221, SNVT222, SNVT223,
the remaining reads were aligned to a hybrid genome com-
posed of mm10 and ASM294v2 assemblies of M. muscu-
lus and S. pombe genomes respectively with STAR 2.5.3a
(34). Gene quantification was performed with htseq-count
0.6.1p1 (35), using ‘union’ mode and Ensembl 93 anno-
tations for all organisms except for S. pombe where En-
sembl Fungi 41 annotations were used. For 4sU-seq data,
‘type’ option was set to ‘gene’ in order to take also into ac-
count reads aligned onto introns. Differential gene expres-
sion analysis was performed using DESeq2 1.16.1 (36) Bio-
conductor R package on H. sapiens or M. musculus counts
normalized with size factors computed by the median-of-
ratios method proposed by Anders and Huber (37) based on
the S. pombe spike-in counts (using the following options:
cooksCutoff = TRUE, independentFiltering = TRUE, al-
pha = 0.05). P-values were adjusted for multiple testing us-
ing the Benjamini and Hochberg method (38). For subse-
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quent data analyses and visualization, only protein-coding
genes were considered. Further, a threshold of 2 reads per
kb gene length was used to define expressed genes in the
U2OS and mESC datasets.

Genome coverage files used for the UCSC genome
browser snapshots were generated as follow. For each con-
dition, the BAM files for the two replicates were merged,
sampled, sorted and indexed using samtools 1.9 (39). Big-
Wig files were generated using the deeptools 2.5.3 bamCov-
erage command (40).

For TATA-less and TATA-box promoter analysis (vio-
lin plots in Figures 2D, 5F and 6F), TATA-box containing
promoters were extracted for the human (hg38) and mouse
(mm10) genomes using the Eukaryotic Promoter Database
(EPD, https://epd.epfl.ch/index.php, (41)).

EU metabolic labelling in mESCs

After 3 passages in FCS + LIF + 2i or FCS + LIF
medium, mESCs were plated on gelatinized glass slides
and incubated with 1 mM of 5-ethynyl-uridine (EU,
Molecular Probes™ Click-iT™ RNA Alexa Fluor™ 488
kit,ThermoFischer Scientific, Cat# C10329) during 1 h at
37◦C. After fixation in 4% PFA 15 min at room tempera-
ture, cells were treated with the Molecular Probes™ Click-
iT™ RNA Alexa Fluor™ 488 kit (ThermoFischer Scientific,
Cat# C10329) according to the manufacturer’s instructions.
Cells were imaged using a LSM 510 laser-scanning micro-
scope (Leica) and a 63x Plan APO objective and EU signal
was quantified using ImageJ. The pictures are shown with
the LUT ‘Green Fire Blue’ scale to better show the varia-
tion in fluorescence intensity.

Whole cell extract preparation from U2OS cells

The required number of cells were trypsinized, transferred
into 1.5 ml Eppendorf tubes, centrifuged 600 g 4◦C for 2
min, and washed twice with 1 ml 1× PBS. Pellets were re-
suspended in 1 packed cells volume (PCV) extraction buffer
(400 mM KCl, 20 mM Tris–HCl pH 7.5, 20% glycerol, 2
mM DTT, 1× cOmplete protease inhibitor cocktail (Roche,
Cat# 11836170001)). Tubes were frozen and thawed subse-
quently 4 times (from liquid nitrogen to ice) and centrifuged
at 14 000 g 4◦C for 10 min. The supernatants were stored at
–80◦C.

Human cell nuclear extract preparation

To enrich extracts for nuclear proteins, cells were harvested
and washed twice with 1× PBS. Cell pellets were resus-
pended in 4 times PCV of hypotonic buffer (50 mM Tris pH
7.9, 1 mM EDTA, 1 mM DTT and 1x cOmplete protease
inhibitor cocktail (Roche, Cat# 11836170001)), left to swell
for 30 min on ice, then dounced 10 times using a B dounce
homogenizer to break cytoplasmic membrane. After a 10
min centrifugation at 1000–1800 g, at 4◦C, supernatant was
removed and the pellet resuspended in a high salt buffer
(50 mM Tris pH 7.9, 25% glycerol, 500 mM NaCl, 0.5 mM
EDTA, 1 mM DTT and 1x cOmplete protease inhibitor
cocktail (Roche, Cat# 11836170001)). To break the nuclear
membranes, suspension was homogenized by douncing 20

times using a B dounce, then incubated at 4◦C (under stir-
ring), for 30 min prior to centrifugation at 10 000 g for
20 min at 4◦C. The supernatant was dialyzed overnight at
4◦C against an isotonic salt buffer (50 mM Tris pH 7.9,
20% glycerol, 5 mM MgCl2, 100 mM KCl, 1 mM DTT and
1x×protein inhibitor cocktail). The dialyzed fraction was
kept as nuclear extract.

Mouse ESC nuclear extract preparation

To enrich extracts for nuclear proteins, cells were harvested
and washed twice with 1× PBS. Cell pellet was resuspended
in hypotonic buffer (10 mM Tris–HCl pH 8.0, 1.5 mM
MgCl2, 10 mM KCl and 1× cOmplete protease inhibitor
cocktail (Roche, Cat# 11836170001)) and dounced 10–20
times using a B dounce homogenizer to isolate the nuclei.
After centrifugation at 10 000 g for 10 min at 4◦C, super-
natant was removed and pellet resuspended in high salt
buffer (20 mM Tris–HCl pH 8.0, 25% glycerol, 1.5 mM
MgCl2, 0.2 mM EDTA, 450 mM NaCl, 0.1% NP40 and
1× protein inhibitor cocktail). Suspension was homoge-
nized by douncing as described before prior to centrifuga-
tion at 10 000 g for 10 min at 4◦C. The supernatant was kept
at –80◦C as nuclear extract.

Antibodies

The list of antibodies used in this study is shown in Sup-
plementary Table S5. Anti-TADA2B (3122) polyclonal an-
tibody (pAb) was obtained by immunization of rabbits with
the C-terminal region (amino acids 221–420) of hTADA2B
(Q86TJ2). For this, the TADA2b cDNA fragment was PCR
amplified and cloned in pET15b vector (Novagen) using
Nde I and BamH I sites. The 6xHis-TADA2B protein frag-
ment was expressed in E. coli (BL21), centrifuged, lysed
in a buffer L (50 mM Tris–HCl pH 7.5, 400 mM NaCl,
10% glycerol, 1 mM DTT and 1× cOmplete protease in-
hibitor cocktail (Roche, Cat# 11836170001)). Recombinant
proteins were solubilized in buffer L containing 8 M urea,
purified under denaturing conditions using a Ni2+-NTA
column, eluted with 300 mM imidazole and dialyzed in
1× PBS. Rabbits were immunized with the purified proteins
for 6 weeks as described in (42). The obtained crude rabbit
sera were then purified on an Affi-Gel 10/15 column (Bio-
Rad, Cat# 153-6098) on which the purified protein frag-
ment was immobilized. Then the column was extensively
washed with 1× PBS, pAb3122 eluted with 0.1 M glycine
pH 2.5 buffer and immediately neutralized with 2 M Tris
pH 8.8.

Immunoprecipitation protocol from human cell extracts

Prior to immunoprecipitation, protein-A sepharose and
ANTI-FLAG® M2 Affinity Gel beads (Sigma Aldrich,
Cat# A2220) were washed three times with 1× PBS and
two times with IP100 buffer (25 mM Tris–HCl 7.5, 5 mM
MgCl2, 10% glycerol, 0.1% NP40, 100 mM KCl, 2 mM
DTT and 1× cOmplete protease inhibitor cocktail (Roche,
Cat# 11836170001)), prior to use. Nuclear extracts were
pre-cleared with 1/10 volume of packed bead volume for 1
h at 4◦C with agitation. For antibody binding, packed bead
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volume corresponding to 1/10 volume of input extract was
incubated with the antibody 1 h at room temperature, with
agitation. Protein-A antibody bound sepharose beads were
washed twice with IP500 buffer (25 mM Tris–HCl 7.5, 5
mM MgCl2, 10% glycerol, 0.1% NP40, 500 mM KCl, 2 mM
DTT and 1× cOmplete protease inhibitor cocktail (Roche,
Cat# 11836170001)) buffer and then with IP100 buffer. Pre-
cleared extracts were then incubated overnight with washed
protein-A antibody bound sepharose beads at 4◦C. Pro-
tein complex bound beads were washed twice with IP500
buffer and twice with IP100 buffer. Complexes were subse-
quently eluted twice with one bead volume of 0.1 M glycine
pH 2.8 buffer at room temperature and with agitation.
Eluates were immediately neutralized to pH7.5 by adding
the required quantity of Tris–HCl pH 8.8 buffer. Eluates
were characterized by western blot or mass spectrometry
analyses.

Immunoprecipitation protocol for mESC nuclear extracts

Prior to immunoprecipitation, Protein-A or Protein-G
sepharose beads were washed three times with filtered
1× PBS and two times with IP100 buffer. Nuclear extracts
were pre-cleared with 1/5 of 50% bead slurry for 2 h at 4◦C
with agitation. For antibody binding, the 50% bead slurry
was incubated with 5–8 �g of antibody 2 h at 4◦C with agita-
tion. After incubation, beads were washed three times with
IP500 buffer and twice with IP100 buffer before addition
of 1/5 volume of the 50% antibody-bead slurry to the pre-
cleared nuclear extracts. Nuclear extracts were incubated
with beads overnight at 4◦C with agitation. After incuba-
tion, beads were washed three times with IP500 buffer and
twice with IP100 buffer. Complexes were eluted from the
beads using two subsequent 0.1 M glycine pH 2.8 elutions
at room temperature and with agitation. Importantly, prior
to anti-TAF10 IPs in mESC, nuclear extracts were depleted
for TFIID by overnight incubation with beads coated with
antibodies targeting the TFIID-specific subunit TAF7. This
allowed to increase the purification efficiency for SAGA in
anti-TAF10 IPs given that TAF10 is shared between the
SAGA and TFIID complexes. All other IPs have been per-
formed without pre-depletion. Eluates were then character-
ized by western blot or mass spectrometry analyses.

Mass spectrometry

Protein mixtures were trichloroacetic acid (Sigma Aldrich,
Cat# T0699) -precipitated overnight at 4◦C. Samples were
then centrifuged at 16 000 g for 30 min at 4◦C. Pellet were
washed twice with 1 ml cold acetone and centrifuged at 16
000 g for 10 min at 4◦C. Washed pellet were then urea-
denatured with 8 M urea (Sigma Aldrich, Cat# U0631)
in Tris–HCl 0.1 mM, reduced with 5 mM TCEP (tris(2-
carboxyethyl)phosphine) for 30 min, and then alkylated
with 10 mM iodoacetamide (Sigma Aldrich, Cat# I1149)
for 30 min in the dark. Both reduction and alkylation were
performed at room temperature and under agitation. Dou-
ble digestion was performed with endoproteinase Lys-C
(Wako, Cat# 125–05061) at a ratio 1/100 (enzyme/proteins)
in 8 M urea for 4 h, followed by an overnight modified
trypsin digestion (Promega, Cat# V5111) at a ratio 1/100

(enzyme/proteins) in 2 M urea. Both Lys-C and Trypsin
digestions were performed at 37◦C. Peptide mixtures were
then desalted on C18 spin-column and dried on Speed-
Vacuum before LC-MS/MS analysis. Samples were ana-
lyzed using an Ultimate 3000 nano-RSLC (Thermo Sci-
entific, San Jose California) coupled in line with a LTQ-
Orbitrap ELITE mass spectrometer via a nano-electrospray
ionization source (Thermo Scientific, San Jose Califor-
nia). Peptide mixtures were loaded on a C18 Acclaim
PepMap100 trap-column (75 �m ID × 2 cm, 3 �m, 100Å,
Thermo Fisher Scientific) for 3.5 min at 5 �l/min with
2% Acetonitrile MS grade (Sigma Aldrich, Cat# 1207802),
0.1% formic acid (FA, Sigma Aldrich, Cat# 94318) in H2O
and then separated on a C18 Accucore nano-column (75
�m ID × 50 cm, 2.6 �m, 150Å, Thermo Fisher Scientific)
with a 90 min linear gradient from 5% to 35% buffer B
(A: 0.1% formic acid (FA) in H2O / B: 99% acetonitrile
MS grade, 0.1% FA in H2O), then a 20 min linear gra-
dient from 35% to 80% buffer B, followed with 5 min at
99% B and 5 min of regeneration at 5% B. The total du-
ration was set to 120 min at a flow rate of 220 nl/min.
The oven temperature was kept constant at 38◦C. The mass
spectrometer was operated in positive ionization mode, in
data-dependent mode with survey scans from m/z 350–
1500 acquired in the Orbitrap at a resolution of 120 000
at m/z 400. The 20 most intense peaks (TOP20) from sur-
vey scans were selected for further fragmentation in the
Linear Ion Trap with an isolation window of 2.0 Da and
were fragmented by CID with normalized collision energy
of 35%. Unassigned and single charged states were rejected.
The Ion Target Value for the survey scans (in the Orbi-
trap) and the MS2 mode (in the Linear Ion Trap) were set
to 1E6 and 5E3 respectively and the maximum injection
time was set to 100 ms for both scan modes. Dynamic ex-
clusion was used. Exclusion duration was set to 20 s, re-
peat count was set to 1 and exclusion mass width was ±10
ppm. Proteins were identified by database searching us-
ing SequestHT (Thermo Fisher Scientific) with Proteome
Discoverer 2.4 software (PD2.4, Thermo Fisher Scien-
tific) on Homo sapiens database (UniProt, reviewed, release
2020 11 27, 20 309 entries) and Mus musculus database
(UniProt, non-reviewed, release 2020 07 13, 55 428 entries).
Precursor and fragment mass tolerances were set at 10 ppm
and 0.6 Da respectively, and up to two missed cleavages
were allowed. Oxidation (M) was set as variable modifi-
cation, and carbamidomethylation (C) as fixed modifica-
tion. Peptides were filtered with a false discovery rate (FDR)
at 1%, rank 1 and proteins were identified with 1 unique
peptide. Normalized spectral abundance factors (NSAF)
were calculated for each protein as described earlier (43,44).
First to obtain spectral abundance factors (SAF), spectral
counts identifying a protein were divided by the protein
length represented by the number of amino acids. Then
to calculate NSAF values, the SAF values of each pro-
tein were divided by the sum of SAF values of all detected
proteins.

Anti-TBP chromatin immunoprecipitation (ChIP)

Cells were washed with 1× PBS, fixed at room tempera-
ture with 1% PFA in 1× PBS for 20 min. Fixation was
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stopped by adding glycine to a final concentration of 125
mM for 10 min at room temperature. Cells were washed
twice with ice-cold 1× PBS and collected by scrapping.
Cells were centrifuged at 2000 g for 5 min at 4◦C and washed
once with ice-cold 1x PBS. Cells were lysed in L1 buffer
(50 mM Tris–HCl pH 8.0, 2 mM EDTA, 0.1% NP40, 10%
glycerol and cOmplete protease inhibitor cocktail (Roche,
Cat# 11836170001)) and incubated on ice for 10 min be-
fore centrifugation at 2000 g for 10 min at 4◦C. Nuclei were
resuspended in L2 buffer (0.5% SDS, 10 mM EDTA ph
8.0, 50 mM Tris–HCl pH 8.0 and cOmplete protease in-
hibitor cocktail (Roche, Cat# 11836170001)) and sonicated
using a Focused Ultra-sonicator E210 (Covaris) to on av-
erage 300 bp fragments. Protein-G sepharose beads were
washed twice with TE buffer (10 mM Tris–HCl pH 7.5, 1
mM EDTA) and blocked for 3 h with 1 �g/�l denatured
yeast tRNA and 1.5% fish-skin gelatine. Beads were washed
twice with TE buffer and stored at 4◦C. For ChIP, 50 �g
of chromatin was diluted with chromatin dilution buffer
(0.01% SDS, 1.1% Triton-X 100, 1.2 mM EDTA, 167 mM
NaCl, 16.7 mM Tris–HCl pH 8.0 and cOmplete protease
inhibitor cocktail (Roche, Cat# 11836170001)) to a volume
of 800 �l and precleared in 30 �l of blocked bead slurry
for 1 h at 4◦C. Five microgram of anti-TBP antibody (Ab-
cam, Cat# ab51841) was added to precleared chromatin
and incubated overnight at 4◦C. Fifty �l of bead slurry
was added to samples and incubated for 2–4 h at 4◦C with
overhead shaking. After centrifugation for 2 min at 1000 g,
beads were washed two times with low salt washing buffer
(0.1% SDS, 1% Triton-X 100, 2 mM EDTA, 150 mM NaCl,
20 mM Tris–HCl pH 8.0 and cOmplete protease inhibitor
cocktail (Roche, Cat# 11836170001)) for 10 min, two times
with high salt washing buffer (0.1% SDS, 1% Triton-X
100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris–HCl pH
8.0 and cOmplete protease inhibitor cocktail (Roche, Cat#
11836170001)) for 10 min, two times with LiCl washing
buffer (250 mM LiCl, 1% NP40, 1% sodium deoxycholate,
1 mM EDTA, 10 mM Tris–HCl pH 8.0 and cOmplete pro-
tease inhibitor cocktail (Roche, Cat# 11836170001)) for
10 min and two times with TE buffer for 10 min. Bound
fragments were eluted using with freshly prepared elution
buffer (1% SDS and 0.1 M sodium bicarbonate) at room
temperature. Chromatin was reverse crosslinked by addi-
tion of 0.2 M NaCl and 50 �g/ml RNase A. Samples
were incubated at 37◦C for 1 h. Twenty microgram of Pro-
teinase K was added and samples were incubated at 65◦C
overnight in a thermomixer. DNA was isolated by phenol-
chloroform purification and resuspended in water after
precipitation.

Statistical analysis

All statistical tests were performed using R (version 3.6.0).
Two-sided Wilcoxon rank sum test was used for 1 to 1
comparisons. The statistical details for individual experi-
ments can be found in the figure legends or Results section.
This includes number of replicates and statistical tests per-
formed. The statistical threshold was defined with a P-value
of <0.05.

RESULTS

Human U2OS cells do not express the SUPT3H subunit of
the SAGA complex

When analysing RNA expression data available at the Hu-
man Protein Atlas (HPA) database for mRNAs expression
of different SAGA subunits in a panel of 64 human cell
lines, we noticed that SUPT3H is not expressed in U2OS
cells, a human osteosarcoma cell line, while SUPT3H was
expressed in all other cell lines analysed (Supplementary
Figure S1A, S1B, S1C). Absence of active transcription was
supported by the lack of H3K4me3 and H3K27ac marks as
well as Pol II accumulation at the SUPT3H promoter, as
compared to the neighbouring RUNX2 gene expressed on
the opposite strand (Supplementary Figure S1D). To ver-
ify this observation, we designed primer pairs to amplify
the whole coding sequence (CDS) of SUPT3H from cDNA
prepared from U2OS and HeLa cells. This experiment
confirmed the lack of SUPT3H expression in U2OS cells
(Figure 1A, Supplementary Figure S2A). Similar results
were obtained when amplifying smaller fragments of the
SUPT3H mRNA (Supplementary Figure S2A and S2B).
As an additional control, we generated an U2OS cell line
stably expressing FLAG-tagged wild type (WT) SUPT3H
protein (Figure 1B, Supplementary Figure S2C), which we
refer to as U2OS Fl-SUPT3H. Growth curve analyses re-
vealed that U2OS Fl-SUPT3H cells proliferate at a com-
parable rate than the parental U2OS cells (Supplementary
Figure S2D). In agreement with the HPA data, we could
not detect the SUPT3H mRNA in U2OS cells, while it
was clearly detectable in HeLa and U2OS Fl-SUPT3H cells
(Figure 1A). Together these data indicate that the human
U2OS osteosarcoma cell line does not express the SAGA
subunit SUPT3H. Importantly, we could not detect major
differences in the promoter sequence of the SUPT3H gene
when comparing U2OS and HeLa cells, suggesting that the
loss of SUPT3H expression is not caused by changes in the
tested promoter sequence (Supplementary Figure S2E).

Absence of SUPT3H does not affect human SAGA complex
composition

As SUPT3H is a subunit of the core module of the SAGA
complex interacting with several subunits of the complex,
we were wondering if, and to which extent, SAGA is as-
sembled in U2OS osteosarcoma cells lacking SUPT3H.
To this end we prepared nuclear extracts from U2OS cells
and carried out immunoprecipitation (IP) coupled to mass
spectrometry using antibodies raised against SUPT20H (a
SAGA core module subunit), TADA2B and TADA3 (two
HAT module subunits). As a positive control we used hu-
man HeLa cell nuclear extracts (NEs) for IPs with the
same antibodies. Quantitative mass spectrometry analyses
of anti-SUPT20H, -TADA2B and -TADA3 affinity purifi-
cations showed that the three antibodies purified all SAGA
subunits except SUPT3H from U2OS NEs, and all SAGA
subunits from HeLa NEs (Figure 1C and D). Thus, the ab-
sence of SUPT3H does not affect the overall subunit com-
position of human SAGA. Importantly, anti-SUPT20H
and anti-FLAG IPs performed using nuclear extracts from
U2OS Fl-SUPT3H cells revealed that SUPT3H, when ex-
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Figure 1. Absence of the SAGA subunit SUPT3H in human U2OS cells does not hinder assembly of the SAGA complex. (A) PCR of the coding sequence
(CDS) of SUPT3H using cDNA obtained from HeLa cells, U2OS cells or U2OS cells re-expressing FLAG-SUPT3H (U2OS Fl-SUPT3H). Low and high
exposures (exp.) are shown. GAPDH expression serves as loading control. n = 3 technical replicates. (B) Western blot analysis of U2OS parental cells,
U2OS cells transfected with the empty expression vector pSG5, U2OS-cells over-expressing SUPT3H (U2OS-Fl-SUPT3H) and HeLa cells using anti-
FLAG and anti-SUPT3H antibodies. The position of the proteins is indicated by arrows on the right of the blot. NS; non-specific signal. M: molecular
weight marker (in kDa). (C) Log10-transformed bait-normalized NSAF (Normalized Spectral Abundance Factor) values of mass spectrometry results from
anti-TADA2B and anti-TADA3 immunoprecipitations (IPs) of the SAGA complex from HeLa and U2OS nuclear extracts. n = 3 technical replicates in
each IPs. (D) Log10-transformed bait-normalized NSAF values of mass spectrometry results from anti-SUPT20H IPs of the SAGA complex from HeLa,
U2OS and U2OS Fl-SUPT3H nuclear extracts. n = 3 technical replicates. (E) Log10-transformed bait-normalized NSAF values of mass spectrometry
results from anti-FLAG IPs, also shown in Supplementary Figure S2F. n = 3 technical replicates. In (C, D, E), the stars (*) indicates the bait proteins to
which the IPs were normalized. The distinct SAGA modules are indicated as HAT = histone acetyltransferase; TF-int = transcription factor-interacting;
DUB = deubiquitylation and Splicing. ND = not detected.
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Figure 2. Only a small subset of Pol II-transcribed genes is responsive to the re-expression of SUPT3H in human U2OS cells. (A) Proportion of reads per
genomic element for 4sU-seq experiments for two independent U2OS and Fl-SUPT3H clones. Exon = reads aligning to exons; Intron = reads aligning to
introns, Others = reads aligning to intergenic regions, exon-intergenic junctions and exon-intron junctions. (B) UCSC genome browser views of 4sU-seq
experiments on two differentially expressed genes (SCARA3 and EPHA4) between U2OS Fl-SUPT3H and U2OS cells. Forward and reverse strands are
shown. Y axes indicate the nascent mRNA sequencing coverage. Arrows indicate direction of transcription. (C) U2OS versus U2OS Fl-SUPT3H 4sU-seq
comparison represented as MA plot with the numbers (on the right) of significantly down- (blue) or up-regulated (orange) genes, using two independent
clones. A threshold of 2 normalized reads per gene length was used to define actively expressed genes. The position of the two genes shown in (B) are
indicated by black circles. (D) Violin plot representation of the distribution of the nascent transcripts log2 fold changes in TATA-less and TATA-box
containing gene classes. The number of genes per category are indicated at the bottom. The statistical test performed is two-sided Wilcoxon rank-sum test;
P value is indicated on the graph.

ogenously expressed, can incorporate in the SAGA complex
in the U2OS nucleus, with only minor, but not significant
variations in the association of the DUB and splicing mod-
ules that do not directly interact with SUPT3H (24) (Figure
1D and E and Supplementary Figure S2E). These results
indicate that the other subunits of the core module are in-
trinsically capable to incorporate SUPT3H in U2OS cells,
if exogenously expressed. Furthermore, exogenous expres-
sion of SUPT3H did not impact SAGA HAT activity as

levels of H3K9ac remain unaffected (Supplementary Fig-
ure S3A). We were not able to assess SAGA DUB activ-
ity because H2Bub1 is not detectable in both U2OS and
U2OS Fl-SUPT3H cells (see below the DUB activity test
in mESCs; Supplementary Figure S3B). To conclude, the
absence of SUPT3H expression in U2OS cells allowed us
to demonstrate that this subunit is dispensable for SAGA
assembly and does not modulate the enzymatic activities of
SAGA.
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Restoring SUPT3H expression modifies RNA polymerase II
transcription at a subset of genes in U2OS cells

The ability of SUPT3H to reconstitute an intact SAGA
complex in U2OS Fl-SUPT3H allowed us to test the role
of SUPT3H in Pol II transcription in human cells. For this,
we performed 4-thiouridine (4sU) labelling of nascent RNA
coupled with sequencing of the labelled RNA (4sU-seq)
(29–31), comparing two independent U2OS Fl-SUPT3H
clones with parental U2OS control cells (Supplementary
Figure 4A). We observed a very similar enrichment in in-
tronic reads in all samples (Figure 2A), confirming a repro-
ducible enrichment of newly synthesized RNAs genome-
wide. Differential expression analyses revealed that restor-
ing SUPT3H expression has only a limited effect on nascent
transcript levels (Figure 2B and C, Supplementary Figure
S4B). Specifically, 199 genes were significantly deregulated
in U2OS cells (lacking SUPT3H) compared to U2OS Fl-
SUPT3H cells (re-expressing SUPT3H) at a threshold of
0.5 absolute log2 fold change and an adjusted P-value of
0.05. Eighty-six genes are downregulated and 113 genes
upregulated in U2OS cells when compared to U2OS Fl-
SUPT3H (Figure 2C, Supplementary Figure S4B). Only 43
and 52 genes are down-and upregulated, respectively, >2-
fold. We note, however, that the variability between repli-
cates might under-estimate these numbers (Supplementary
Figure S4A). Overall, no GO categories were significantly
enriched amongst genes deregulated by SUPT3H overex-
pression and only very few genes are responsive to the re-
expression of SUPT3H in U2OS cells.

Earlier studies suggested that yeast SAGA predomi-
nantly regulates TATA-box containing genes, presumably
through Spt3 (7,45,46). We therefore compared expression
changes between U2OS and U2OS Fl-SUPT3H for genes
with either a TATA-less or a TATA-box in their promoters,
as defined by the Eukaryotic Promoter Database (Material
and Methods) (Figure 2D). We observed no significant dif-
ference between the two gene classes, suggesting that TATA-
box containing gene promoters do not show a stronger sen-
sitivity to SUPT3H re-expression than TATA-less promot-
ers in human U2OS cells. In conclusion, SUPT3H appears
to regulate the transcription of only a few genes in U2OS Fl-
SUPT3H cells, independently of the presence a TATA-box
element in their promoter. This observation is in marked
contrast with the strong, global decrease of nascent tran-
script levels observed in S. cerevisiaeSPT3 deletion mutants.

Loss of mouse Supt3 does not affect SAGA subunit composi-
tion in mouse embryonic stem cells

Our results so far indicate that the function of
ySpt3/hSUPT3H in RNA Pol II transcription has di-
verged substantially between S. cerevisiae and humans.
To explore this further, we next turned to non-cancerous
diploid mammalian cells and used CRISPR/Cas9 genome
editing to inactivate the Supt3 gene in mouse E14 ESCs. We
obtained two individual clones with a homozygous deletion
of exon 3 from the Supt3 gene (Figure 3A), resulting in an
out of frame stop codon. RT-qPCR analyses confirmed the
deletion of the exon and the resulting decrease of remaining
Supt3 mRNA, presumably through non-sense mediated
mRNA decay (Figure 3B). Western blot analyses confirmed

the deletion as SUPT3H is not detectable in extracts from
Supt3–/– mutant mESCs (Figure 3C). To determine the
role of SUPT3H on mouse SAGA assembly, we purified
SAGA using anti-SUPT20H or anti-TAF10 antibodies
from WT and Supt3–/– mutant mESCs nuclear extracts
and analysed their composition by mass spectrometry and
western blot analyses. Both immunoprecipitation coupled
to mass spectrometry analyses from Supt3–/– mESCs
identified all core, HAT and TF-binding SAGA subunits,
with the exception of SUPT3H, indicating that mouse
SAGA can also assemble without SUPT3H (Figure 3D).
We note that the association of the DUB and splicing
modules with SAGA was weaker in both anti-SUPT20H
or anti-TAF10 IPs, but independently of the genotype of
mESCs, suggesting that our IP-MS experiments are not
sensitive enough to detect reproducibly all the subunits of
these modules. Moreover, the enzymatic activities of the
related SAGA complexes were not impacted, as H3K9ac
and H2Bub1 levels were unchanged in both WT and
Supt3–/– mESCs (Supplementary Figure S3B). On the
contrary, as described earlier, the loss of ATXN7L3, a
critical subunit of the SAGA DUB module lead to the
stabilization of H2Bub1 (Supplementary Figure S3B) (47).
These results confirm that, as observed in human U2OS
cells, mouse SUPT3H has no major role in SAGA integrity
and HAT/DUB activities in mESCs. Thus, these data also
suggest that the SAGA central HF module can assemble
with a hexameric nucleosome-like structure without the
intramolecular HF pair of SUPT3H.

Supt3 is required for mouse ESC growth and self-renewal

The derivation of two independent Supt3–/– mESC lines
indicates that Supt3 is not essential for mESC viability
when cultured in medium containing fetal calf serum (FCS),
leukemia inhibitory factor (LIF) and two small molecules
that maintain efficient mouse ESC self-renewal (hereafter
called FCS + LIF + 2i medium). However, we observed in
clonal assays that Supt3–/– cells formed twice less and signif-
icantly smaller colonies compared to wildtype cells reveal-
ing that SUPT3H loss impairs mESC growth (Figure 4A
and B). In agreement, growth curve analyses revealed de-
creased proliferation of Supt3–/– cells as compared to wild-
type mESCs (Figure 4C).

To assess the importance of SUPT3H for the self-renewal
capacities of mESCs, we performed clonal assays in medium
without 2i (hereafter referred to as FCS + LIF medium)
and observed about a 4-fold decrease in colony numbers in
Supt3–/– mESCs grown in FCS + LIF medium, as compared
to WT cells (Figure 4D). As a read-out of the self-renewal
capacities of mESCs, we measured the proportion of alka-
line phosphatase positive (AP+) colonies. When compared
to WT mESCs, the Supt3–/– cells produced about 3-fold less
AP + colonies (Figure 4E), demonstrating that SUPT3H
absence has a major impact on the self-renewal capacities
of mESCs. RT-qPCR analysis of pluripotency factors gene
expression indicates that while the expression of Tfcp2l1,
Nanog and Esrrb are downregulated, Klf4, Pou5f1 and Sox2
transcripts are only weakly, or not affected (Figure 4F).
This suggests that the diminished self-renewal capacities of
Supt3–/– mutant mESCs in the FCS + LIF medium is due to
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Figure 3. Loss of Supt3 does not impair mouse ESC survival or formation of the SAGA complex. (A) Top, schematic representation of the mouse Supt3
locus. The insert shows the position of the two gRNAs used to generate the Supt3–/– mESCs clones. Bottom, table showing the number of clones screened,
the number of heterozygous (+/−) and of homozygous (−/−) clones obtained as well as the deletion size. (B) Validation of Supt3–/– cell lines by RT-qPCR
revealing the absence of the targeted, out-of-frame exon 3 and overall reduced levels of the exon 3-deleted Supt3 mRNA. Error bars show mean ± standard
deviation (SD) of two independent clones, with each assessment of the cell lines being based on the mean of three technical replicates. (C) Western blot
analysis of input and elution fractions of anti-TAF10 immunoprecipitations (IP) from wildtype (WT) and Supt3–/– mESCs. M = molecular weight markers
(in kDa). (D) Log10-transformed bait-normalized NSAF values of mass spectrometry results from anti-TAF10 IPs shown in (C) and anti-SUPT20H
IPs. n = three technical replicates. Star (*) indicates the bait proteins, to which the IPs were normalized. The distinct SAGA modules are indicated as
HAT = histone acetyltransferase; TF-int = transcription factor-interacting; DUB = deubiquitylation and Splicing. ND = not detected.
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Figure 4. SUPT3H is required for mouse ESC growth and efficient self-renewal. (A) Clonal assay in FCS + LIF + 2i medium comparing WT and Supt3–/–

mESCs. Colonies were stained for alkaline phosphatase activity. Top, representative images; bottom, quantification of colony numbers relative to WT
condition. Error bars show mean ± standard deviation (SD) of four replicates from two biological replicates, with two independent clones each. (B)
Quantification of colony areas using ImageJ. Error bars show mean ± standard deviation (SD) of four replicates from two biological replicates, with two
independent clones each. (C) Growth curve analysis of viable cells comparing WT and Supt3–/– mESCs grown in FCS + LIF + 2i medium for 5 days.
Error bars show mean ± standard deviation (SD) of two biological replicates using two independent clones. (D) Clonal assay in FCS + LIF medium
comparing WT and Supt3–/– cells. Colonies were stained with crystal violet. Left, representative images; right, quantification of colony numbers relative to
WT condition. Error bars show mean ± standard deviation (SD) of four replicates from two biological replicates, with two independent clones each. (E)
Quantification of the number of colonies staining positive for alkaline phosphatase (AP+) in FCS + LIF medium normalized relative to WT cells. Error
bars show mean ± standard deviation (SD) of four replicates from two biological replicates, with two independent clones each. (F) Relative mRNA levels of
pluripotency transcription factors (as indicated) comparing WT and Supt3–/– mESCs grown in FCS + LIF medium. Expression was normalized to RNA
polymerase III transcribed genes (Rn7sk and Rpph1) as well as to WT cells. Error bars show mean ± standard deviation (SD) of at least seven biological
replicates (mean of three technical RT-qPCR replicates) using two independent clones each. The statistical tests performed are two-sided Wilcoxon rank-
sum tests, P values are indicated on the graph. ns; not significant.
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the deregulation of the expression of some genes associated
with pluripotency maintenance.

The loss of SUPT3H in mouse ESCs has no major effect on
Pol II transcription in FCS + LIF + 2i condition

To determine the impact of SAGA lacking SUPT3H on Pol
II transcription in mESCs, we analysed nascent RNA by
4sU-seq. We performed the experiment with cells grown in
FCS + LIF + 2i medium (Supplementary Figure S4C) in
which Supt3–/– mESCs can maintain their self-renewal ca-
pacities (as assessed by AP staining, Figure 4A), although
they grow more slowly (Figure 4C). We could observe a
similar enrichment of intronic reads in all samples (Fig-
ure 5A). We observed that only a few genes (173 among
10462 expressed transcripts, 76 up-regulated and 97 down-
regulated), are differentially expressed between Supt3–/–

and WT mESCs (Figure 5B and C and Supplementary Fig-
ure S4D). Specifically, the newly synthesized levels of 25
transcripts were significantly decreased when applying a
threshold of 0.5 log2 fold change and an adjusted P-value
of 0.05. Conversely, the nascent levels of 36 transcripts in-
creased in Supt3–/– cells using the same thresholds (Supple-
mentary Table S6), although the variability between repli-
cates might under-estimate these numbers (Supplementary
Figure S4B). We could not find specific GO categories to
be affected among the differentially expressed genes, how-
ever, the deregulation of some of these genes may explain
the growth and self-renewal defects observed in Supt3–/–

mESCs.
To confirm the lack of global effect of the absence of

SUPT3H in FCS + LIF + 2i conditions, we used an alter-
native imaging approach by performing 5-ethynyl uridine
(EU) incorporation into nascent RNAs. Lack of SUPT3H
in FCS + LIF + 2i conditions did not significantly affect
the EU incorporation (Figure 5D and E) further suggest-
ing that the loss of SUPT3H has no major effect on Pol II
transcription in mESCs in FCS + LIF + 2i condition.

Finally, we compared transcription changes between
genes possessing TATA-less and TATA-box containing pro-
moters (Figure 5F). We observed no difference between
the two gene classes suggesting that TATA-box contain-
ing promoters do not show a stronger sensitivity to the
loss of Supt3 than TATA-less promoters in mESCs. These
data together show that the mouse SAGA complex lack-
ing SUPT3H, as observed in human U2OS cells, affects the
expression of a small subset of genes in FCS + LIF + 2i
medium.

The loss of SUPT3H in mouse ESCs has no major effect on
Pol II transcription in FCS + LIF condition

As Supt3–/– mutant mESCs in FCS + LIF + 2i medium
have only a mild phenotype, and as mESC maintenance
of pluripotency is affected in the absence of SUPT3H in
FCS + LIF medium (Figure 4D and E), we analysed nascent
transcription in cells grown in FCS + LIF. A similar enrich-
ment of intronic reads was observed in all samples (Fig-
ure 6A). More variation in gene expression was observed
compared to the FCS + LIF + 2i condition (Figure 6B) as
898 transcripts are differentially expressed among 12 045 ex-

pressed transcripts, with more transcripts (703) being down-
regulated than upregulated in the absence of SUPT3H.
However, due to the variability between the samples (Sup-
plementary Figure S4E and F), statistical significance was
reached only for 2 transcripts (Figure 6C). In order to con-
firm our observation, we carried out EU incorporation as-
say in these cells, in FCS + LIF conditions. Using this in vivo
imaging approach, no major effect on global nascent tran-
scription could be observed (Figure 6D), as quantification
did not reveal a statistically significant difference between
WT and Supt3–/– mutant mESCs (Figure 6E). Similarly
to the FCS + LIF + 2i condition, we did not observe any
difference between the TATA-box containing and TATA-
less promoters transcription activity (Figure 6F). However,
analysis of nascent transcripts of different loci encoding for
pluripotency genes (Supplementary Figure S5) confirmed
the reduced levels observed at steady-state mRNA levels
as measured by RT-qPCR (Figure 4F) showing that only
a subset of these transcripts is downregulated in absence
of SUPT3H. These data suggest that in FCS + LIF con-
dition, absence of SUPT3H does not have a major effect on
nascent Pol II transcription, but contributes to activate the
transcription of a subset of genes, including genes promot-
ing pluripotency.

Loss of SUPT3H in human U2OS cells or mouse ESCs does
not significantly affect TBP binding

Genetic, biochemical and cryo-EM studies of yeast SAGA
indicate that the Spt3 and Spt8 subunits bind to TBP
and are involved in delivering TBP at specific promoters
(6,7,10,11,48,49). We therefore wanted to assess whether
SUPT3H has a role in recruiting TBP to mammalian gene
promoters. For this, we performed TBP chromatin immuno-
precipitation (ChIP) coupled to qPCR at selected gene pro-
moters, in both U2OS and mESC cells (Figure 7A and B).
We observed no difference in TBP occupancy at the tested
gene promoters when comparing cells with and without
SUPT3H. This suggests that TBP binding at these promot-
ers does not require SUPT3H in human and mouse cells.

DISCUSSION

Previous SAGA subunit deletion and purification studies in
S. cerevisiae demonstrated that Spt3 is not essential for vi-
ability and that yeast SAGA can assemble in the absence
of Spt3, whereas constitutive deletion of SPT3 globally re-
duces Pol II transcription (9,18,21,22).

In this study, we report that U2OS cells do not express
SUPT3H. No mutation in the basal promoter could be
identified and as the neighbouring genes (RUNX2, for ex-
ample) are actively expressed in U20S cells, a major chro-
mosomal rearrangement can probably be ruled out. We
showed that the lack of SUPT3H expression correlates with
the absence of accumulation of active epigenetic marks. An
interesting hypothesis would be that U2OS cells bear muta-
tions in specific SUPT3H enhancers.

SUPT3H is not required for mammalian cell survival
and we showed that mammalian SAGA complexes lacking
SUPT3H can stably assemble, and that TBP recruitment
at several TATA-containing and TATA-less promoters is
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Figure 5. Loss of Supt3 in mouse ESC has no major effect on Pol II transcription regulation in FCS + LIF + 2i medium. (A) Proportion of reads per
genomic element for 4sU-seq experiments in two independent wildtype (WT) and Supt3–/– mESC clones in FCS + LIF + 2i medium. Exon = reads aligning
to exons; Intron = reads aligning to introns, Others = reads aligning to intergenic regions, exon-intergenic junctions and exon-intron junctions. (B) UCSC
genome browser views of 4sU-seq experiments on two differentially expressed genes (Atxn1 and Reep1) between WT and Supt3–/– mESCs. Forward and
reverse strands are shown. Y axes indicate the nascent mRNA sequencing coverage. Arrows indicate direction of transcription. (C) Supt3–/– versus WT
mESCs 4sU-seq comparison represented as MA plot with the numbers (on the right) of significantly down- (blue) or up-regulated (orange) genes, in two
WT and Supt3–/– mESC clones. A threshold of 2 normalized reads per kb gene length was used to define actively expressed genes. The position of the two
differentially expressed genes shown in (B) are indicated by black circles. (D) Representative images of 5-ethynyl uridine (EU) incorporation in WT and
Supt3–/– mESCs in FCS + LIF + 2i medium. Colour scale (Green Fire Blue LUT scale) is indicated at the bottom. Scale bar; 10 �m. (E) Quantification
of the EU incorporation in WT and Supt3–/– mESCs in FCS + LIF + 2i medium, normalized to the WT condition and expressed in log2. The number
of cells quantified is indicated at the bottom. (F) Violin plot representation of the distribution of the nascent transcripts log2 fold changes in TATA-less
and TATA-box containing gene classes. The number of genes per category is indicated at the bottom. The statistical test performed is two-sided Wilcoxon
rank-sum test. P values are indicated on the graphs. ns; not significant.
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Figure 6. Loss of Supt3 in mouse ESC has no major effect on Pol II transcription regulation in FCS + LIF medium. (A) Proportion of reads per genomic
element for 4sU-seq experiments in two independent wildtype (WT) and Supt3–/– mESC clones. Exon = reads aligning to exons; Intron = reads aligning
to introns, Others = reads aligning to intergenic regions, exon-intergenic junctions and exon-intron junctions. (B) UCSC genome browser views of 4sU-
seq experiments on two differentially expressed genes (Plagl1 and Zfy1) between WT and Supt3–/– mESCs. Forward and reverse strands are shown. Y
axes indicate the nascent mRNA sequencing coverage. Arrows indicate direction of transcription. (C) Supt3–/– versus WT mESCs 4sU-seq comparison
represented as MA plot with the numbers (on the right) of significantly down- (blue) or up-regulated (orange) genes, in two WT and Supt3–/– mESC clones.
A threshold of 2 normalized reads per kb gene length was used to define actively expressed genes. The position of the two differentially expressed genes
shown in (B) are indicated by black circles. (D) Representative images of 5-ethynyl uridine (EU) incorporation in WT and Supt3–/– mESCs in FCS + LIF
medium. Colour scale (Green Fire Blue LUT scale) is indicated at the bottom. Scale bar; 10 �m. (E) Quantification of the EU incorporation in WT and
Supt3–/– mESCs in FCS + LIF medium, normalized to the WT condition and expressed in log2. The number of cells quantified is indicated at the bottom.
(F) Violin plot representation of the distribution of the nascent transcripts log2 fold changes in TATA-less and TATA-box containing gene classes. The
number of genes per category is indicated at the bottom. The statistical test performed is two-sided Wilcoxon rank-sum test. P values are indicated on the
graphs. ns; not significant.
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Figure 7. Loss of SUPT3H in human U2OS cells or mouse ESCs does not significantly affect TBP binding at promoters. (A, B) Quantification of anti-TBP
ChIP-qPCR experiments in U2OS and U2OS Fl-SUPT3H cells (A) or in WT and Supt3–/– mESCs (B) at promoters of selected genes (as indicated) and at
two independent intergenic regions. TATA-less and TATA-box-containing promoters are indicated. ChIP-qPCR experiments without antibody were used
as negative control (neg.). Error bars show mean ± standard deviation (SD) of at four and three biological replicates using two independent clones for
human and mouse data, respectively, in each sample, the mean shows at least four technical RT-qPCR replicates. Statistical test performed is two-sided
Wilcoxon rank-sum test. Statistical significance (P < 0.05) was not reached.

not influenced by the absence of SUPT3H in mammalian
SAGA. Nevertheless, mESCs lacking SUPT3H show im-
paired growth potential. Moreover, Supt3–/– mESCs grown
in FCS + LIF medium display diminished self-renewal ca-
pacities. Our experiments further show that constitutive loss
of SUPT3H in both human U2OS and mESCs grown in
FCS + LIF + 2i or FCS + LIF medium does not globally
impairs Pol II transcription.

Our data indicate that absence of SUPT3H only affects a
subset of genes (Supplementary Table S6) but these genes
are different between the different cell types and culture
conditions. However, the observed very low (−0.1) log2
fold change median observed in the TATA-containing and
TATA-less promoter categories comparisons from mESCs
grown in FCS + LIF + 2i or FCS + LIF medium, would

suggest a very weak tendency towards down-regulation of
gene expression in the absence of SUPT3H (Figures 5F
and 6F). The lack of common specific GO categories af-
fected is in favour of a role in fine-tuning distinct gene
expression programs within each cellular context. In par-
ticular, we observed that expression of some pluripotency
factors (Sox2, Tfcp2l1, Nanog and Esrrb) is affected in
Supt3–/– mESCs grown in FCS + LIF condition, but not
in FCS + LIF + 2i condition. Further studies will be nec-
essary to identify which effects are directly caused by the
loss of SUPT3H and how these changes contribute to the
growth and self-renewal defects observed in mESCs.

Importantly, Supt3 deletion in mice indicated that
SUPT3H is important for mouse embryogenesis as embryos
die between E9.5 and E14.5 (50). This observation suggests
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that SUPT3H is not essential for early mouse development,
similarly to other SAGA subunits, such as GCN5, PCAF,
SUPT20H, USP22 and ATXN7L3 (47,51–55).

Cryo-EM structural studies suggested that yeast Spt3,
or human SUPT3H, are an important structural subunit
of SAGA, as the double HF-containing subunit assem-
bles with three pairs of other HFD-containing SAGA sub-
units to form a deformed histone octamer-like structure
(10,11,24). Importantly, it has been described in ySAGA
that while the six histone-fold pairs in the histone-fold
octamer-like structure are oriented similarly as in the
canonical nucleosome, the intramolecular HF pair of Spt3
is tilted by 20 degrees compared with its analogous nucleo-
some histone H2A–H2B histone pair (10). This tilt therefore
could almost completely free Spt3 from its association with
the histone-fold octamer. However, ySAGA subunit com-
position is not affected by the loss of Spt3 (9,21,22), which
we confirmed for mammalian SAGA in both human and
mouse cells. Interestingly, plants are probably also lacking a
Spt3 orthologue (5,56). Moreover, no ortholog of Spt8 was
detected in mammalian SAGA (5), further suggesting that
the TBP-loading activity described in ySAGA, would be
affected in mammalian cells lacking SUPT3H. Note how-
ever, that it is not known whether the SAGA mediated
TBP loading to core promoters suggested in yeast exists in
metazoans and plants. The minimal effect of SUPT3H on
Pol II transcription and TBP recruitment suggests that the
SAGA/Spt3-dependent promoter delivery of TBP mecha-
nism may not be conserved in mammalian cells. Alterna-
tively, TFIID may be able to compensate the constitutive
loss of SUPT3H, masking the potential in vivo contribution
of SAGA to TBP delivery in our experimental conditions.
Finally, it is conceivable that SUPT3H may be important for
TBP delivery and transcription of genes that are induced in
response to specific developmental and/or environmental
signals.
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