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Abstract

The histone chaperone and transcription elongation factor SPT6 is integral to RNA polymerase Il (RNAPII) activity. SPT6 also plays a crucial
role in regulating transcription termination, although the mechanisms involved are largely unknown. In an attempt to identify the pathways
employed by SPT6 in this regulation, we found that, while SPT6 and its partner IWS1 interact and co-localize with RNAPII, their functions
diverge significantly at gene termination sites. Depletion of SPT6, but not of IWS1, results in extensive readthrough transcription, indicating
that SPT6 independently regulates transcription termination. Further analysis identified that the cleavage and polyadenylation factor PCF11 and
the phosphatase regulatory protein PNUTS collaborate with SPT6 in this process. These findings suggest that SPT6 may facilitate transcription
termination by recruiting PNUTS and PCF11 to RNAPII. Additionally, SPT6 and PNUTS jointly restrict promoter upstream transcripts (PROMPTSs),
whereas PCF11 presence is essential for their accumulation in the absence of SPT6 at hundreds of genes. Thus, SPT6, PCF11, and PNUTS have
both distinct and overlapping functions in transcription termination. Our data highlight the pivotal role of SPT6 in ensuring proper transcription

termination at the 5’ and 3’-ends of genes.
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Introduction

In eukaryotic organisms, the positioning and composition of
nucleosomes play a crucial role in regulating gene expression.
Transcription of genes by RNA polymerase II (RNAPII) col-
lides with nucleosomes that organize chromatin within gene
bodies. To overcome these nucleosomal barriers while main-
taining chromatin integrity during transcription elongation,
RNAPII associates with histone chaperones. Suppressor of Ty
6 (SPT6), is a histone chaperone and transcription elongation
factor that is conserved throughout eukaryotes [1].

SPT6 is a large protein that contains two Src homology 2
(SH2) domains in its C-terminal region that bind directly to
the phosphorylated CTD (C-terminal domain) linker of the

Termination site

RPB1 subunit of the RNAPII [2]. SPT6 functions as an elonga-
tion factor both in vitro [3] and in vivo [4-8]. In yeast, Spt6 in-
teracts directly with histones via its acidic N-terminal domain
(TND) [9-12]. It regulates nucleosome positioning and occu-
pancy [13-17], as well as H3K36 methylation in gene bodies
[18-23]. As a part of the RNAPII elongation complex [24],
SPT6 participates in the disassembly and reassembly of nucle-
osomes in the wake of the RNAPII [24-26]. Depletion of Spt6
results in spurious transcription initiation and increased levels
of antisense transcription [13, 16,27, 28].

The TND of SPT6 also interacts directly with TWS1, an-
other histone chaperone also known as Spnl in yeast [29-
31], and this interaction is essential to recruit IWS1 to the
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RNAPII elongation complex [11, 21, 32]. In yeast, Spn1 binds
histones H3-H4 and nucleosomes iz vitro [33], and regulates
normal transcript levels and the distribution of H3K4 and
H3K36 methylation genome-wide [34]. Disrupting the Spt6—
Spn1 interaction results in extensive changes in both transcrip-
tion and nucleosome organization [34, 35]. However, Spnl
and Spt6 display distinct chromatin occupancy profiles near
the 3’-end of coding regions, suggesting additional indepen-
dent functions during transcription elongation [36]. IWS1 in-
teracts with the methyltransferase SETD2 and was proposed
to mediate H3K36 trimethylation at cellular genes [21]. IWS1
contains a TFIIS TND that binds with high affinity to a TND-
interacting motif (TIM) located in the N-terminal region of
SPT6 [37,38].IWS1 also harbors three TIMs in its disordered
N-terminal region that interact with TND-containing factors
including TFIIS, ELOA, PNUTS, and LEDGF/p75 [38, 39].
Thus, IWS1 could serve as a scaffold to assemble multiple fac-
tors involved in transcription processes.

Recent studies in human cells highlighted a role of SPT6
in enforcing transcription termination. Knockdown of SPT6
results in elongation defects at coding regions, while promot-
ing transcription of long noncoding RNAs (IncRNAs) includ-
ing long intergenic noncoding RNA, antisense promoter up-
stream transcripts (PROMPTs), and bidirectional enhancer-
associated transcripts or enhancer RNA (eRNA) [18]. SPT6 is
required for the association of cleavage and polyadenylation
(CPA) and transcription termination factors to the RNAPII [ 35,
40]. Thus, in addition to the loss of processive RNAPII elon-
gation, depletion of SPT6 also leads to increased readthrough
transcription at the 3’-end of genes [5].

The CPA complex, consisting of the CPSF, CFIm, CFIIm,
and CstF sub-complexes, orchestrates messenger RNA
(mRNA) CPA at the 3’-ends of protein-coding (pc) genes,
a process tightly coupled with transcription termination.
CPSF subunits bind directly to the AAUAAA hexamer of the
polyadenylation signal (PAS) and RNA cleavage is accom-
plished by the endonuclease CPSF3 at the cleavage site iden-
tified by the CA dinucleotide [41]. CFIIm, containing PCF11
and CLP1, interacts only transiently with the CPA complex
[42]. PCF11 acts as a regulatory factor of the CPA complex
activities and favors proximal PAS usage at the 3’-end of pc
genes [43, 44]. In addition, PCF11 simultaneously binds RNA
and phosphorylated serine2 of the RNAPII CTD via its CTD
interaction domain to dismantle the elongating RNAPII com-
plex and induce transcription termination [45-47].

Transcription termination of pc genes also relies on PNUTS,
a nuclear protein phosphatase 1 (PP1) regulatory subunit that
associates with the CPA complex [42]. PNUTS-PP1 dephos-
phorylates SPTS5 to decrease RNAPII speed at the 3’-end of pc
genes and promote PAS-dependent transcription termination
[48]. PNUTS also cooperates with the transcription termina-
tor complex Restrictor, composed of ZC3H4 and WDRS82, to
enforce transcription termination at enhancers and PROMPTs
[49, 50].

Given the emerging functions of SPT6 and IWS1, we ini-
tially aimed at understanding their functional relationship
during transcription. In this study, we find that SPT6 and
IWS1 are similarly associated with RNAPII on gene bodies
but this association diverges at the 3’-end of genes. Notably,
knockdown of IWS1 results in changes in mRNA levels of very
few genes when compared to SPT6. Furthermore, depletion of
SPT6, but not of IWS1, induced 3’-end readthrough transcrip-
tion at thousands of regions, suggesting that IWS1 is not in-

volved in the regulation of RNAPII transcription termination
by SPT6. Instead, screening for factors that could cooperate
with SPT6, we identified the CPA factor PCF11 and the phos-
phatase regulatory protein PNUTS. We find that both PCF11
and PNUTS assist SPT6 in promoting transcription termina-
tion at the 3’-end of genes. We also show that a similar coop-
eration exists between SPT6 and PNUTS to restrict expression
of PROMPTs. However, in the absence of SPT6, depletion of
PCF11 inhibits accumulation of PROMPTs.

Materials and methods

Cell culture

HeLa LTR-Luc [51] and HEK293T cells (CRL-3216, obtained
from the American Type Culture Collection, Rockville, MD,
USA), were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) + GlutaMAX™.I (Gibco, 61965-026). J-Lat Tat-
GFP Clone A1l (obtained from NIH HIV Reagent Program
RRID:CVCL_1G42), were grown in Roswell Park Memo-
rial Institute (RPMI) 1640 medium + GlutaMAX™.T (Gibco,
61870-010). Both DMEM and RPMI media were supple-
mented with 10% of decomplemented fetal bovine serum
(Gibco, 10270-106) and 1% antibiotic—antimycotic (10 000
U/ml penicillin, 10 000 pg/ml streptomycin, and 25 ug/ml of
amphotericin B; Gibco, 15240-062). All cells were grown in
a humidified 5% CO; incubator at 37°C and were routinely
tested for the absence of Mycoplasma contamination.

siRNA transfection

A total of 100 000 HeLa cells were seeded in a 12-well plate
and transfected with small interfering RNA (siRNA) at a fi-
nal concentration of 20 nM (see references in Supplementary
Table S1) (single transfections: 10 nM siCT + 10 nM of spe-
cific siRNA; double transfections: 10 nM of each siRNA) us-
ing Lipofectamine™ RNAiMAX Transfection Reagent (Invit-
rogen, 13778150) and Opti-MEM™ (Gibco, 31985070) ac-
cording to the manufacturer’s instructions. After 72 h, cells
were harvested for RNA and protein extraction.

Construction of shRNA plasmids and production of
virus-like particles

Control short hairpin RNA (shRNA) sequence (shCT)
or shRNA sequence targeting PNUTS (see references in
Supplementary Table S1) were cloned into the pLKO.1-
TRC cloning vector (gift from David Root, Addgene
plasmid #10878; http://n2t.net/addgene:10878; RRID: Ad-
dgene_10 878) according to the manufacturer’s instructions.
Virus-like particles (VLPs) were produced by transient co-
transfection of 3 pg of pLKO.1 vector containing either shCT
or shPNUTS, 2.25 g of the packaging plasmid psPAX2 (gift
from Didier Trono; Addgene plasmid #12260; http://n2t.net/
addgene:12260; RRID: Addgene_12 260), and 0.75 pg of the
VSV-G expression vector (pMD.G) into 3 million HEK293T
cells in a 10 c¢cm dish using polyethylenimine (PEI) (Poly-
sciences, 23966-1) and Opti-MEM™ (Gibco, 31985070). The
following day, the medium was removed, and the cells were
washed with phosphate-buffered saline (PBS). Five millilitres
of fresh medium were added, and VLP stocks were collected
and filtered using a 0.45 um disposable filter (ClearLine,
146561) the next day.
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Transduction of VLPs

To transduce HEK293T cells, 300 ul of shCT or shPNUTS
VLPs were mixed with 200 pl of DMEM medium, and the
mixture was added to 3 million cells in a 24-well plate for
3 h at 37°C. After incubation, the cells were washed twice
with PBS and transferred to six-well plates. The following day,
puromycin (Gibco™, A1113803) was added at a 1 ug/ml fi-
nal concentration. Puromycin selection was maintained for at
least 7 days post-transduction.

Transfection of mammalian expression vectors

The FLAG-HA_SPT6 expression vector was a kind gift from
Dr Hiroshi Handa [3]. The open reading frames (ORFs) of hu-
man PNUTS or PNUTS W401A were cloned in-frame with a
Flag-HA tag into a pcDNA3.1 vector (Flag-HA-PNUTS; Flag-
HA-PNUTSW401A). For immunoprecipitation experiments,
5 pg of these mammalian expression vectors were transfected
into 3 million HEK293T cells using PEI (Polysciences, 23966-
1) and Opti-MEM™ (Gibco, 31985070). Cells were harvested
48 h post-transfection.

Construction of IWS1 knockout cells

J-Lat A1 cells were nucleofected with LentiCRISPR v2 vec-
tor (Addgene Plasmid #5296) expressing a guide RNA target-
ing IWS1 (see Supplementary Table S1). The following day,
puromycin (Gibco™, A1113803) was added at a 1 ug/ml fi-
nal concentration. Puromycin selection was maintained for 4
days post transfection then removed. Cells were cloned by lim-
iting dilution in 96-well flat-bottomed culture plates and ex-
panded for 15 days. Clones were then screened by polymerase
chain reaction (PCR) amplification of the targeted region of
the genome.

Immunoprecipitation

HEK293T or J-Lat A1 cells were harvested, and nuclear pro-
tein extracts were prepared following the protocol described
by Matkovic et al. [52]. Briefly, cells were washed twice with
PBS and then resuspended in Cytoplasmic Lysis Buffer (CLB)
[10 mM Tris, pH = 7.4; 10 mM NaCl; 3 mM MgCl,; 0.5%
NP-40, 1x protease inhibitors (Roche, 05056489001)]. Nu-
clei were immediately pelleted by centrifugation at 300 x g
for 4 min at 4°C. The supernatant (cytoplasmic fraction) was
either discarded or kept to verify cell fractionation. Another
CLB wash was performed before lysing the nuclei in a Nuclear
Lysis Buffer (NLB) [20 mM Tris, pH = 8; 3 mM KCl, 150 mM
NaCl, 1 mM MgCl, and 0.2% Triton™ X-100, 1x protease
inhibitors (Roche, 05 056 489 001)]. After a 30 min incuba-
tion on ice, nuclear protein extracts were cleared by centrifu-
gation at 14 000 rpm for 15 min at 4°C. The supernatant was
collected and 250 pg to 1 mg of protein extracts were used
for immunoprecipitation. For Fig. 1B, total protein extracts
(lysed directly in NLB) were used. Primary antibodies (anti-
SPT6 or anti-Flag, see references in Supplementary Table S1)
were incubated with the protein extracts overnight on a ro-
tating wheel at 4°C. The following day, Protein A (Invitro-
gen™, Dynabeads™ Protein A, 10002D) or Protein G (Invit-
rogen™, Dynabeads™ Protein G, 10004D) conjugated beads
were added to the mixtures containing anti-SPT6 (rabbit) or
anti-Flag (mouse), respectively. The mixtures were incubated
for 30 min at room temperature on a rotating wheel. The
beads were washed 3 times with NLB and then resuspended

SPT6, PCF11, and PNUTS functions in transcription termination 3

in 40 ul of 1x Laemmli buffer [diluted from NuPAGE™ LDS
Sample Buffer (4x) (Invitrogen™, NP0007) and NuPAGE™
Sample Reducing Agent (10x) (Invitrogen™, NP0009)]. After
heating for 10 min at 70°C, the eluted proteins were collected,
and 20 ul were used for western blotting along with 10 pug of
input proteins.

Glycerol gradient sedimentation

Nuclear protein extracts from Hel.a and HEK293T cells were
prepared as described above. The equivalent of 900 ug of
proteins were loaded onto a 5%-60% glycerol gradient pre-
pared in NLB [20 mM Tris, pH = 8; 3 mM KCl, 150 mM
NaCl, 1 mM MgCl; and 0.2% Triton™ X-100, 1x protease
inhibitors (Roche, 05056489001)], and layered by 400 ul
fractions into a 5 ml open-top polypropylene tube (Beckman
Coulter, 326 819). Macromolecular complexes were then sep-
arated by ultracentrifugation at 45 000 rpm for 14 h at 4°C
using an SW 55Ti rotor (Beckman). Subsequently, 12 equal
fractions were collected in total (~400 ul each), and 20 ul of
each fraction were used for western blotting.

Immunoblotting

Cells were incubated for 30 min on ice in an sodium do-
decyl sulfate-free lysis buffer [150 mM NaCl, 10 mM Tris,
pH = 8, 0.5% Triton™ X-100, 1 mM ethylenediaminete-
traacetic acid (EDTA), 0.1% sodium deoxycholate, 1x pro-
tease inhibitors (Roche, 05056489001)]. After incubation, cell
lysates were clarified by centrifugation at 21 000 x g for
15 min at 4°C. The supernatant was collected and protein
concentration was estimated using the BRADFORD assay
(Bio-Rad Protein Assay Dye Reagent Concentrate, S000006).
Equal amounts of proteins were diluted in 1x Laemmli buffer
[diluted from NuPAGE™ LDS Sample Buffer (4x) (Invit-
rogen™, NP0007) and NuPAGE™ Sample Reducing Agent
(10x) (Invitrogen™, NP0009)], then heated for 10 min at
70°C. Proteins were separated in denaturing conditions using
a4%-12% gradient bis-tris polyacrylamide gel (Invitrogen™,
NWO04122BOX) at 35mA, then transferred onto a Polyvinyli-
dene fluoride (PVDF) membrane (Millipore; Immobilon-P;
0, 45 um; IPVH00010) for 2 h at 200 mA. Membranes
were saturated in 5% milk in Tris-buffered saline (TBS)
buffer (0.1% Tween 20) (1 h, room temperature), and in-
cubated overnight with primary antibodies (see references in
Supplementary Table S1) in 5% milk in TBS (0.1% Tween 20)
at 4°C. Horseradish peroxidase-conjugated secondary anti-
bodies (references in Supplementary Table S1) were used along
with Enhanced chemiluminescence (ECL) western blotting de-
tection reagents (Amersham™ ECL Select™ Western Blotting
Detection Reagent, RPN2235) to detect proteins by chemilu-
minescence using Fusion FX (Vilber).

RNA extraction and RT-gPCR

Total cellular RNAs were extracted using the Magneta-
Pure 32 automated magnetic bead-based RNA purification
(MACHEREY-NAGEL) and the NucleoMag® RNA isola-
tion kit (MACHEREY-NAGEL, 872168), following the man-
ufacturer’s instructions. One to two micrograms of purified
RNAs were treated with TURBO™ DNase (2 U/ul) (Invit-
rogen™, AM2239) and reverse transcribed using either the
High-Capacity complementary DNA (cDNA) Reverse Tran-
scription (RT) Kit for random primers (Applied Biosystems™,
4368813) or the SuperScript™ II Reverse Transcriptase for
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oligo(dT) primers (Invitrogen™, 18064022). After reverse
transcription, cDNAs were diluted to a final volume of 200
pl (1/10 dilution) and quantitative PCR (qPCR) was per-
formed using the SsoAdvanced Universal SYBR® Green Super-
mix (Bio-Rad, 1725274) on the LightCycler 480 Instrument II
(Roche). RNA levels were first normalized to the control con-
dition (using the ACq method) and then adjusted by a normal-
ization factor accounting for the levels of two housekeeping
genes (KDSR and RN7SK).

Nuclear run-On

Nascent RNA transcripts were analyzed by Nuclear run-On
(NRO) according to Ait Said et al. [51]. Briefly, HeLa cells
were collected from confluent 10 cm dishes and lysed in
Swelling Buffer (10 mM Tris, pH = 7.5, 2 mM MgCl,, 3 mM
CaCl,). Nuclei were then resuspended in Freezing Buffer (50
mM Tris, pH = 8.3, 40% glycerol, 5 mM MgCl,, 0.1 mM
EDTA). A 5-min in-vitro transcription was then performed at
30°C in presence of the run-on mix (10 mM Tris, pH = 8, §
mM MgCl,, 1 mM KCIl, 0.5 mM of each of ATP, GTP, and Br-
UTP, 2.33 mM CTP, 0.4 U/ul RNase-IN, 1% sarkosyl). Total
RNAs were then extracted using TRIzol-LS reagent (Invitro-
gen, 10296010), and 8 pg were DNase treated as previously
described and subjected to immunoprecipitation with 2 ug of
anti-BrdU (see Supplementary Table S1 for reference). After
two washes with PBS + 0.1% Tween-20, immunoprecipitated
RNAs were extracted using TRIzol reagent. Reverse transcrip-
tion and qPCR were performed as previously described. RNA
levels were first normalized to the control condition (using the
ACq method) and then adjusted by a normalization factor ac-
counting for the levels of two housekeeping genes (KDSR and
18S) whose expression levels remain unaffected by the differ-
ent protein knockdowns (Supplementary Fig. S1A) [51].

ChlIP-seq

For SPT6, IWS1, and RNAPII ChIP-seq, chromatin immuno-
precipitation was performed using the iDeal ChIP-seq kit for
Transcription Factors (Diagenode, C01010055) according to
the manufacturer’s instructions. Briefly, 2.5 million HeLa cells
per IP were crosslinked with 1% formaldehyde (Thermo Sci-
entific™, 28908) in DMEM for 10 min at room tempera-
ture. Chromatin from lysed nuclei was sheared to 200-300 bp
fragments using Bioruptor® Pico sonication device (Diagen-
ode, B01060010) and cleared by centrifugation. Sheared chro-
matin was incubated overnight at 4°C with 3 pg of antibody
(see references in Supplementary Table S1) coupled to the Dia-
Mag protein A-coated magnetic beads (from Diagenode kit).
Beads and immunocomplexes were then washed and eluted
per the manufacturer’s instructions. For PNUTS ChIP-seq, an
additional crosslink with the ChIP cross-link Gold reagent
(Diagenode, C01019027) was performed before formalde-
hyde crosslinking. ChIP was done using the iDeal ChIP-seq
kit for Transcription Factors (Diagenode, C01010055) per the
manufacturer’s protocol with 15 pl of anti-PNUTS (unknown
concentration) (see reference in Supplementary Table S1). Se-
quencing libraries from immunoprecipitated DNA were pre-
pared using the MicroPlex kit v2 (Diagenode) according to the
manufacturer’s protocol. In brief, immunoprecipitated DNA
was quantified using Qubit fluorometer (Thermo Fisher), and
1.5-35 ng (for SPT6, IWS1, and RNAPII ChIP) or 2-10 ng
(for PNUTS ChIP) were used as input material. DNA was re-
paired and end-blunted by enzymatic treatment. Stem-loop

adaptors with blocked 5'-ends were ligated to the 5'-end of
the genomic DNA, leaving a nick at the 3’-end. The 3’-ends of
the genomic DNA are extended to complete library synthesis
and Illumina-compatible indexes were added through amplifi-
cation. Libraries were purified using AMPure XP beads proto-
col (Beckman Coulter, Indianapolis, IN) and quantified using
Qubit fluorometer. Libraries’ fragment size distribution was
verified using the Bioanalyzer High Sensitivity DNA chip (Ag-
ilent Technologies, Santa Clara, CA). Libraries were pooled
and spike-in PhiX Control v3 (Illumina, San Diego, CA) was
added to represent 1% of the total Passing Filter (PF) reads.
Clusters were generated and sequenced using a Nextseq 500
instrument (Illumina) in single read mode (75 cycles) at the
GENOM’IC platform, Institut Cochin.

ChIP-seq analysis was performed using an in-house
pipeline. Quality control for raw FASTQ files was conducted
using FastQC (version 0.12.1). Sequencing on NextSeq500
platform (Illumina) generates one fastq file per sample and
per lane (four lanes in total on the flow cell). For a given
sample, the four different files—corresponding to the four
lanes—were merged for easier handling. Sequencing adapters
were trimmed using Trimmomatic (version 0.39). Trimmed
reads were aligned to the human reference genome (GRCh38)
using Bowtie2 (version 2.4.2) (bowtie2 -x index_file -U in-
put.trim.fastq.gz -S file.sam). Aligned SAM files were con-
verted to BAM format and sorted using SAMtools (version
1.3.1). Peaks were called using MACS2 (version 2.2.7.1)
(macs2 callpeak -t file.bam -c input.bam -f BAM -B -SPMR
-g hs -n sample_hg38 —outdir sample_hg38). Processed BAM
files were converted to BigWig format for visualization using
bamCoverage from the deepTools suite (version 3.5.0) (bam-
Coverage —bam input.bam -o output.bw —normalizeUsing
RPKM —effectiveGenomeSize 2 747 877 777 —centerReads —
ignoreDuplicates —-minMappingQuality 20).

Two independent biological replicates were generated for
all ChIP-seq experiments. Due to the high signal correlation
between the biological replicates (Pearson correlation coeffi-
cient ranging from 0.93 and 0.99), they were merged to facil-
itate downstream analysis.

RNA-seq
HelL a cells were transfected as described previously. Three in-
dependent biological replicates were prepared for each con-
dition. Total RNAs were extracted using the ReliaPrep™
RNA Miniprep Systems (Promega, Z6012) as per the man-
ufacturer’s instructions. Sample quality was verified using the
Bioanalyzer RNA 6000 Nano kit (Agilent). The libraries were
prepared following the Stranded Total RNA Prep Ligation
with Ribo-Zero Plus protocol from Illumina, starting from
200 ng of high-quality total RNA (RNA integrity number
(RIN) > 9). Paired end (2 x 59) sequencing was performed
on an Illumina NextSeq 2000 platform. Demultiplexing and
quality control were conducted with the AOZAN software
(ENS, Paris) [53] at the GENOM’IC platform, Institut Cochin.
RNA-seq analysis was performed using an in-house
pipeline. Shortly, initial quality control of the raw FASTQ
files was performed using FastQC (version 0.12.1). Raw se-
quencing files from lane 1 (L1) and lane 2 (L2) were merged
for read 1 (R1) and read 2 (R2) using the cat command
(cat L1_R1.fastq.gz L2_R1.fastq.gz > merged_R1.fastq.gz).
The merged FASTQ files were aligned to the human refer-
ence genome (GRCh38) using HISAT2 (version 2.2.1) (hisat2
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—dta -x genome -1 merged_R1.fastq.gz -2 merged_R2.fastq.gz
-S output.sam). The SAM files were then converted to
BAM format and sorted using SAMtools (version 1.3.1).
Aligned reads were quantified using StringTie (version 2.1.5)
(stringtie output.bam -eB -G annotation.gtf -o output.gtf -
A gene_abund.tab). Differential expression analysis was per-
formed using DESeq2 (version 1.30.1) in R (version 4.0.3) fol-
lowing the standard workflow. Size factor normalization was
used to account for differences in sequencing depth and library
size between samples. For visualization and further analysis,
BAM files were processed using bamCoverage from the deep-
Tools suite (version 3.5.0) (bamCoverage -b output.bam -
scaleFactor -0 output.bw). The three biological replicates were
shown independently for heatmaps, and they were merged to
facilitate downstream analysis.

Analysis of readthrough transcription and
PROMPTs

RNA-seq average scores at previously defined readthrough
and PROMPTs (Supplementary Fig. S1E and Supplementary
Fig. S6A) were calculated using “multiBigWigSummary -
BED” from the deepTools suite (version 3.5.0). Regions with
an average score lower than 1 reads per million (RPM)
in all conditions were removed. Log, FC was calculated for
each condition with respect to the siCT condition. Posi-
tive PROMPT or readthrough regions were defined as those
having a logFC > 1 in the three biological replicates. For
PROMPTs, an additional filter was applied to distinguish
between PROMPTs and readthrough transcripts originating
from a downstream gene on the opposite strand. Specifically,
RNA-seq average scores were calculated within gene bodies
but on the opposite strand. Genes with a log, FC exceeding 1
in both the PROMPT region and the gene body on the oppo-
site strand were excluded from further analysis.

Results

SPT6 has IWS1-independent transcriptional
functions

SPT6 is a large protein with multiple domains. The TND in-
teracts with nucleosomes and harbors two conserved TIMs,
capable of interacting with multiple TND-containing proteins
including IWS1 [11, 32, 38] (Fig. 1A). The core region binds
to the RPB4-RPB7 stalk of RNAPII [24], and the C-terminal
region contains a tandem SH2 (tSH2) domain that interacts
directly with the linker region of RPB1 and its phosphory-
lated CTD [2, 54] (Fig. 1A). Our immunoprecipitation exper-
iments confirmed that both overexpressed (Fig. 1B) and en-
dogenous (Supplementary Fig. S1B) SPT6 interact with TWS1
in HEK293T cells.

We first analyzed the chromatin distribution of SPT6 and
IWS1 on RefSeq-annotated genes. Both proteins exhibited
similar distributions, with a prominent enrichment around the
transcription start site (TSS) region and downstream of genes
transcription end sites (TES) (Fig. 1C). This is also reflected by
a high correlation coefficient between SPT6 and TWS1 signals
at the gene regions (Fig. 1D, Pearson’s correlation coefficient r
=0.97). We also performed an RNAPII ChIP-seq using an an-
tibody that recognizes the largest subunit, RPB1. The RNAPII
is rather mainly enriched at gene promoters, and slightly en-
riched downstream of the TES (Supplementary Fig. S1C).
Nevertheless, the SPT6 signal highly correlates with that of
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RNAPII (Fig. 1D, Pearson’s correlation coefficient r = 0.94).
Interestingly, the correlation between TWS1 and RNAPII sig-
nals is lower (Fig. 1D, Pearson’s correlation coefficient r =
0.88). This prompted us to inspect the ChIP-seq signal ratios
between SPT6, IWS1, and RNAPIL. We observed that SPT6
and IWS1 remain equally associated with RNAPII on gene
bodies until ~4 kb upstream of the TES, where IWS1 disso-
ciates more markedly than SPT6 (Fig. 1E). This suggests that,
similar to what was previously observed in yeast, the tran-
scriptional functions of SPT6 and IWS1 might diverge in the
termination region [36].

Then, to determine whether the divergence in transcrip-
tional function of SPT6 and IWS1 could be attributed to their
presence within separate macromolecular complexes, we in-
spected their sedimentation profiles. The mixture of multipro-
tein complexes from HelLa cells (Fig. 1F) and HEK293T cells
(Supplementary Fig. S1D) was separated using a 5%—60%
glycerol gradient sedimentation and their distribution was ex-
amined in different fractions by western blotting. The results
indicated that, although SPT6 and IWS1 were found within
complexes of similar molecular weights (fractions 6-8 in Fig.
1FE fractions 6-12 in Supplementary Fig. S1D), IWS1 was also
enriched in independent complexes (fractions 4 and 5, Fig. 1F
and Supplementary Fig. S1D), suggesting potential indepen-
dent roles for this protein in the nucleus.

To assess the impact of these factors on gene expression,
we performed total RNA-seq experiments in HeLa cells upon
depletion of SPT6 and IWS1 (Fig. 1G). Target genes were iden-
tified using a 1.5 FC threshold and a padj < 0.05. In order to
eliminate false-positive differentially expressed genes, we kept
only those with an RNAPII ChIP-seq peak in their promoter
region (TSS + 1.5 kb). A total of 3405 and 119 genes were
differentially expressed upon SPT6 and IWS1 depletion, re-
spectively (Fig. 1H), with similar numbers of genes up- and
downregulated (1844 versus 1561 upon SPT6 depletion and
64 versus 55 upon IWS1 depletion) (Supplementary Fig. S1E).
Surprisingly, only 47 genes were commonly regulated by both
factors, suggesting that the transcriptional roles of SPT6 and
its closest partner, IWS1, rarely overlap.

Recent studies have highlighted an important role for SPT6
in restricting IncRNAs and readthrough transcripts [5, 18]. To
determine whether IWS1 similarly affects these transcripts, we
first defined readthrough regions for RefSeg-annotated genes
as 5 kb-regions downstream of genes TES. We excluded re-
gions overlapping with annotated genes on the same strand
to avoid contaminating signal from intragenic transcription,
and retained regions with an average RNA-seq signal higher
than 1 RPM in at least one condition and corresponding to
genes having an RNAPII ChIP-seq peak within their promoter
region (TSS + 1.5 kb) (Supplementary Fig. S1F). We obtained
a total of 8725 readthrough regions. In line with the previous
studies, SPT6 significantly affected readthrough transcripts,
while IWS1 had minimal impact (Fig. 1 and J).

We further examined whether SPT6 and IWS1 collabo-
rate to regulate transcription termination by qPCR analysis
of transcripts produced at one of SPT6 targets, the SEC22B
gene, upon single or double knockdown of SPT6 and IWS1
(Fig. 1K). We designed amplicons to detect readthrough and
mRNA transcripts as a control. While SEC22B mRNA lev-
els remained largely unchanged in all conditions, our re-
sults showed increased SEC22B readthrough transcripts upon
SPT6 depletion, and no significant change upon IWS1 de-
pletion (Fig. 1L). Double knockdown of SPT6 and IWS1
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Figure 1. SPT6 And IWS1 chromatin binding and transcriptional roles. (A) A schematic representation of SPT6 N-terminal (1-283 amino acids), core
(284-1287 amino acids), and C-terminal (1288-1726 amino acids) regions. The illustration denotes N to C terminal protein domains. (B) Overexpressed
Flag-tagged SPT6 from HEK293T total protein extracts was immunoprecipitated using an anti-Flag antibody and analyzed by western blotting using
indicated antibodies. (C) SPT6 and IWS1 mean ChlIP-seq signal intensities plotted at RefSeg-annotated genes. The solid line represents the mean. The
dark area represents the standard error and light area represents the 95% confidence interval. (D) Heatmap representing the Pearson correlation
coefficients calculated for IWS1, SPT6, and RNAPII merged ChlIP-seq signals, on RefSeg-annotated genes (+1 kb). (E) SPT6/RNAPII and IWS1/RNAPII
mean ChlP-seq signal ratios calculated on RefSeg-annotated genes in Hel a cells. The solid line represents the mean. The dark area represents the
standard error and light area represents the 95% confidence interval. (F) Total protein extracts from Hela cells were separated using a 5%—-60% glycerol
gradient. A total of 12 fractions were recovered after ultracentrifugation and analyzed by western blotting. (G) Western blot showing SPT6 and IWS1
depletions upon siRNA transfection in RNA-seq experiments. Lower panel shows protein quantification relative to GAPDH and to the siCT condition (n =
3). (H) SPT6 and IWS1 target genes in Hela cells. Positive targets correspond to genes having a |FC| > |+1.5] and a padj < 0.05. (I) Density plot showing
the gene count of SPT6 and IWS1 readthrough targets, highlighting the distribution of their log, fold-change (FC) values. (J) SEC22B gene locus
featuring RNAPII, SPT6, and IWS1 ChlIP-seq profiles, as well as RNA-seq profiles upon depletion of SPT6 and IWS1 (negative strand). The arrow
highlights readthrough transcription (K) Western blot showing SPT6 and IWS1 depletion upon siRNA transfection (see the “Materials and methods”
section for details). (L) SEC22B readthrough and mRNA levels were assayed by RT-gPCR in three independent experiments. Values were normalized to
the siCT condition arbitrarily set to 1. (M) SEC22B readthrough levels were assayed by nuclear run-on experiments. The input represents total nuclear
RNAs. The siSPT6 (-BrdU) condition is used to control the specificity of the anti-BrdU immunoprecipitation. Values were normalized to the siCT condition
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affected readthrough transcripts similarly to SPT6 knock-
down alone (Fig. 1L). This pattern was also observed for
another gene, CHST3 (Supplementary Fig. S1G). Notably,
readthrough transcripts obtained upon SPT6 depletion were
also detected using oligo(dT) primers during reverse transcrip-
tion (Supplementary Fig. STH), suggesting that these tran-
scripts are polyadenylated.

Given that we are analyzing total cellular RNAs, we won-
dered whether the effect of IWS1 could be masked by its ef-
fect on unstable RNAs that could be degraded at the time
of detection. To investigate this, we examined nascent tran-
scripts at the SEC22B and CHSTS3 loci. We performed nu-
clear run-on experiments after depleting SPT6 and ITWS1, us-
ing a S-min in-vitro transcription in presence of BrdU. We
also included a condition without BrdU to verify the speci-
ficity of our anti-BrdU immunoprecipitation. SPT6 had a sim-
ilar effect on nascent and total transcripts for both genes (Fig.
1M and Supplementary Fig. S1I). Consistent with its effect
on total transcripts, IWS1 did not affect the levels of nascent
readthrough transcripts at both the SEC22B and CHST3 loci
(Fig. 1M and Supplementary Fig. S1I). Nascent full-length
mRNA levels of both genes were unaffected by the different
knockdowns (Supplementary Fig. S1]), suggesting a specific
effect of SPT6 on transcription termination. Altogether, these
findings suggest an IWS1-independent role for SPT6 in tran-
scription termination.

Investigating the multifaceted pathways of
transcription termination involving SPT6

In order to gain a comprehensive view of the pathways em-
ployed by SPT6 to terminate transcription, we investigated its
functional cooperation with the main protein complexes de-
scribed to have roles in mammalian transcription termination:
(i) Canonical CPA factors, represented by the endonuclease
of the CPSF complex (CPSF3/CPSF73) and the CFIIm fac-
tor PCF11 [44, 55], (ii) Torpedo factors PNUTS, SPTS, and
XRN2 [48, 56], (iii) Restrictor factors WDRS82 and ZC3H4
[50, 57, 58] and (iv) Integrator, represented by its catalytic
component INTS11 [59].

RNA levels produced at four gene loci (SEC22B, ZNF180,
CHSTS3, and FLNB) were assessed using primers that overlap
(i) readthrough transcripts, and (ii) the last exon, to account
for possible roles on gene full-length transcript levels (Fig. 2A).
The nine factors were depleted independently using siRNAs
in HeLa cells, or co-depleted with SPT6 to assess potential
functional cooperation (Supplementary Fig. S2).

For the four genes, the individual depletions of SPT6,
PNUTS, and PCF11 had the most consistent effect on increas-
ing readthrough transcripts (Fig. 2B, upper panel). The de-
pletion of CPSF3, SPT5, WDRS82 also showed mild effects
depending the gene. Depletion of the other factors (XRN2,
ZC3H4, and INTS11) had little to no impact on readthrough
transcription at these loci (Fig. 2B, upper panel). Importantly,
a synergistic increase in readthrough transcripts was observed
when SPT6 was co-depleted with either PCF11 or PNUTS, in-
dicating cooperation between the three factors (Fig. 2B, lower
panel). Of note, no major effect was detected on the last exon,
suggesting that the observed increase in readthrough tran-
scripts is due to a termination defect rather than intragenic
transcription regulation.

Overall, these findings underscore a diversity in the mech-
anisms of transcription termination that involve SPT6, with
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a potential collaboration with PNUTS and PCF11 at several
genes.

Interaction dynamics between PNUTS, PCF11, and
SPT6

PNUTS is an RNA-binding protein that harbors a TND
in its N-terminal region (Fig. 3A, upper panel). This do-
main was described by Cermakova and colleagues to inter-
act with an IWS1-TIM domain [38]. PCF11 is a compo-
nent of the CFIIm complex that interacts with the CTD of
RNAPII via its N-terminal region and with the transcribed
RNA via its C-terminal region, therefore coupling transcrip-
tion to 3’-end processing [60, 61] (Fig. 3A, lower panel). To
investigate whether PNUTS and PCF11 interact with SPT6
and whether this potential interaction is mediated by IWS1,
we immunoprecipitated SPT6 in both wild-type (WT) and
IWS1-knockout J-Lat A1l cells. Our results show that both
PNUTS and PCF11 co-immunoprecipitate with SPT6 in WT
cells (Fig. 3B and Supplementary Fig. S3A) and that these
interactions are unaffected by IWS1 knockout (Fig. 3B and
Supplementary Fig. S3B).

Then, to determine whether the interaction between SPT6
and PNUTS might depend on the phosphatase subunit of the
PTW:PP1 complex, we tested the interaction between SPT6
and either WT PNUTS or a mutant, PNUTS-W401A [62],
that does not interact with PP1. As shown in Fig. 3C and
Supplementary Fig. S3C, the interaction between PNUTS and
SPT6 was independent of PP1 phosphatase. These results
highlight an interaction between SPT6 and PNUTS that ap-
pears to be independent of IWS1 and PP1-dephosphorylation.

PNUTS was also described to affect RNAPII CTD phospho-
rylation in Drosophila melanogaster [63]. Given that SPT6 in-
teracts with a phosphorylated form of RNAPII [64], we won-
dered whether PNUTS could regulate the interaction between
SPT6 and the RNAPIL We immunoprecipitated SPT6 in Hel.a
cells transduced with either a control shRNA or a PNUTS-
targeting shRNA. SPT6 levels were slightly increased upon
PNUTS down-regulation (Fig. 3D), but its interaction with
the RNAPII remained unaffected (see RNAPII:SPT6 ratio in
Supplementary Fig. S3D).

PNUTS, PCF11, and SPT6 chromatin occupancy in
Hela cells

Both PNUTS and PCF11 play significant roles in mammalian
transcription termination. PCF11 is known to be enriched at
both the 5’- and 3’-ends of genes in HeLa cells and depletion
of PCF11 has been reported to shift and reduce RNAPII paus-
ing downstream of the PAS, indicating impaired transcription
termination [44].

PNUTS has been shown to bind gene promoters and tran-
scription end sites [65]. Additionally, it co-purifies with the
human pre-mRNA 3'-processing complex [42], and regulates
RNAPII speed at the 3’-end of genes [48]. Despite these find-
ings, there is a scarcity of published ChIP-seq data for en-
dogenous PNUTS. Therefore, we set out to evaluate its en-
richment in the promoter and termination regions of genes,
as well as other regulatory regions, such as enhancers and
repressed regions. We performed PNUTS ChIP-seq in HeLa
cells and defined gene promoter and termination zones as the
3kb regions surrounding the RefSeg-annotated gene TSS and
TES, respectively. Enhancers and repressed regions were de-
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Figure 2. Evaluating functional collaboration between SPT6 and multiple termination pathways. (A) Amplicons designed to evaluate readthrough
transcription at various genes. The last exon amplicon measures full-length gene transcription. (B) Heatmap displaying the relative RNA levels assayed
by RT-gPCR in five independent experiments using the amplicons designed in panel (A) at the SEC22B, ZNF180, CHST3, and FLNB genes. Values were
normalized to the siCT condition arbitrarily set to 1. Statistical significance of readthrough transcripts was assessed using an unpaired t-test between
each condition and the siCT, with P-values indicated as follows: .1234 (ns, nonsignificant), .0332 (*), .0021 (**), .0002 (***), <.0001 (****).

fined based on their epigenetic state in Hela cells as described
in Supplementary Fig. S4A and excluded promoter regions.

Our analysis revealed that PNUTS peaks were predomi-
nantly enriched in gene regions (~78% in gene body, pro-
moter and termination regions), with only a few peaks identi-
fied in distal regulatory regions (~4% in repressed regions, ac-
tive and inactive enhancers) (Fig. 4A and Supplementary Fig.
S4B). Similar to PCF11, we noted a slight discrepancy in
PNUTS enrichment between promoter regions (33 %) and ter-
mination regions (18 %), which led us to further analyze their
binding pattern to gene regions.

We divided RefSeq-annotated genes into three categories
based on their RNAPII binding profile: Category A, where
RNAPII peaks are enriched both in promoter and termina-
tion regions (7 = 8180), Category B where RNAPII is mainly
enriched in the promoter region (7 = 4484) and Category
C where RNAPII is predominantly enriched in the termina-
tion region (nz = 1238) (Fig. 4B). We also calculated the paus-
ing index, expression level, and gene length for each category
(Fig. 4C-F). Consistent with existing literature [66], these cat-
egories reflect three gene and transcriptional states: Category
A includes genes that are paused and highly expressed, with a
median length of 17 kb. Category B consists of genes with a
higher pausing index and lower expression, and Category C

comprises genes with a low pausing index and low expression
level. Categories B and C have similar median gene lengths
of 32 and 33 kb, respectively (Figs 4C-F). Interestingly, the
three categories were also reflected in the binding patterns of
PNUTS, PCF11, and SPTé (Fig. 4G), indicating that the bind-
ing of these factors depends on the gene transcriptional state.
Examples are shown in Supplementary Fig. S4C.

Furthermore, to determine whether PNUTS, PCF11, and
SPT6 affect transcription of a specific gene category, we ex-
amined the RNAPII ChIP-seq profiles following the depletion
of PNUTS (our data), PCF11 [44], and SPT6 [5]. Our analysis
revealed that the most significant decrease in RNAPII pausing
downstream of the PAS occurred in Category A for all three
factors. Depletion of PNUTS and PCF11 also affected Cate-
gory C, but to a lesser extent (Fig. 4H).

Overall, our data show that while PNUTS, PCF11, and
SPT6 display distinct chromatin binding profiles compared
to RNAPII, they are notably enriched at RNAPII pause sites,
whether in the gene promoter or termination regions. Their ef-
fect on RNAPII enrichment at the 3’-end of genes is primarily
observed in medium-length, highly expressed genes. As pile-up
of RNAPII at the 3’-end of genes is indicative of a slowdown
in elongation [44], our results suggest that SPT6, PNUTS, and
PCF11 could collaborate to affect transcription termination.
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Figure 3. SPT6 interacts with IWS1, PNUTS, and PCF11. (A) Upper panel: Diagram depicting PNUTS domains: the TND (1-147 amino acids), the
PP1-binding domain (348-418 amino acids) and the RNA-binding domain (674-750 amino acids). Lower panel: Diagram depicting PCF11 domains: the
CTD-interacting domain (CID) (14-142 amino acids), and the RNA-binding zinc fingers (between 1343 and 1478 amino acids). The illustration denotes
N-to-C terminal protein domains. (B) Nuclear protein extracts from WT or IWS1-knockout (IWS1-/-) J-Lat A1 cells were used to immunoprecipitate
endogenous SPT6. Co-immunoprecipitation of IWS1, PCF11 and PNUTS was assessed (n = 3). (C) Overexpressed Flag-tagged WT PNUTS (WT) or
Flag-tagged PNUTS-W401A (W401A), a mutant for PP1 interaction, were immunoprecipitated using an anti-Flag antibody from HEK293T total protein
extracts. SPT6 co-immunoprecipitation was examined for both WT and mutant PNUTS (n = 3). (D) Hela cells infected with lentiviruses containing either
a control shRNA (shCT) or an shRNA targeting PNUTS (shPNUTS). Cells nuclear fractions were used to immunoprecipitate endogenous SPT6 (n = 2).
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Functional cooperation of SPT6, PNUTS, and PCF11
in transcription termination

Considering the interaction of SPT6 with PNUTS and PCF11,
as well as their shared impact on transcription termination,
we decided to assess their functional cooperation. PNUTS and
PCF11 were depleted either independently or in combination
with SPT6 (Supplementary Fig. S5A).

We then analyzed readthrough regions defined previ-
ously (Supplementary Fig. S1E). Regions showing a FC >2
(logoFC > 1) upon protein depletion compared to the con-
trol condition were identified as positive readthrough regions.
In addition to SPT6, PNUTS, and PCF11 depletion also in-
creased readthrough levels (Supplementary Fig. S5B). How-
ever, given the less efficient depletion of PNUTS compared
to SPT6 and PCF11, as shown in Supplementary Fig. SSA,
our ability to detect readthrough transcripts upon PNUTS
depletion is reduced compared to SPT6 or PCF11 depletion
(Supplementary Fig. S5B).

We then focused on SPT6 readthrough targets (7 = 1252).
Overall, the combined depletion of SPT6 and PNUTS resulted
in increased readthrough levels compared to SPT6 depletion
alone (Fig. 5A). To determine if this pattern is consistent
across all the studied regions, we clustered them based on their
readthrough patterns.

For SPT6 and PNUTS, Cluster I includes readthrough tran-
scripts upregulated upon the combined knockdown of SPT6
and PNUTS compared to SPT6 knockdown alone. Cluster II
shows readthrough transcripts downregulated upon the com-
bined knockdown of SPT6 and PNUTS compared to SPT6
knockdown alone, while Cluster III display no substantial
change in readthrough transcripts upon individual or com-
bined depletion of SPT6 (Fig. 5B and C). Notably, 61% of
SPTé6 readthrough transcripts were found in Cluster I (769
out of 1252) (Fig. 5C). Moreover, in 82% of the readthrough
regions in Cluster I (634 out of 769), the observed increased
in the combined knockdown condition is nonsynergistic com-
pared to the individual depletions (Bliss independence test,
Supplementary Fig. S5C, left panel), suggesting that, in half
of the studied regions, PNUTS and SPT6 operate within the
same termination pathway.

PCF11 depletion had a more pronounced effect on in-
creasing readthrough transcripts (Supplementary Fig. S5B).
Similar to the combined depletion of SPT6 and PNUTS, co-
depletion of PCF11 and SPT6 further increased readthrough
transcript levels compared to their individual depletions (Fig.
5D). The same 1252 readthrough regions were then similarly
clustered based on transcript levels upon SPT6 and PCF11 co-
depletion. Approximately 77% of the readthrough transcripts
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(968 out of 1252) were found in Cluster I (Fig. SE and F). Al-
though the simultaneous depletion of SPT6 and PCF11 had
a greater impact than their individual depletions in this clus-
ter, it produced a synergistic effect at only 5% of the regions
(Supplementary Fig. SSC, right panel), indicating that SPT6
and PCF11 also function within the same termination path-
way. Clusters II and III exhibit either a downregulation or no
significant change, respectively, in readthrough transcripts fol-
lowing the combined knockdown of SPT6 and PCF11 com-
pared to the knockdown of SPT6 alone.

Notably, 65% of the genes undergoing increased
readthrough transcripts upon SPT6, PNUTS or PCF11
depletion belong to Category A genes, i.e. highly expressed
genes with RNAPII ChIP-seq peaks on both gene ends
(Supplementary Fig. SSD). Category C genes were excluded
from our study, as they present low RNAPII at their promoter
region.

The increase in readthrough transcripts observed in total
RNA-seq upon SPT6, PNUTS, or PCF11 depletion was fur-
ther corroborated by analyzing nascent RNA levels using nu-
clear run-on experiments, which showed similar fold changes
in readthrough levels, but not full-length mRNA levels, be-
tween total nuclear RNAs and nascent RNAs (Supplementary
Fig. SSE). This suggests that the impact of these factors on
readthrough levels occurs primarily at the transcriptional
level.

PCF11 is known to favor the use of proximal polyadeny-
lation sites [44]. Remarkably, inspection of individual genes
showed that readthrough transcripts usually end with a PAS
(Fig. 5G and Supplementary Fig. SSF). Furthermore, analy-
sis of published 3’-RNAseq data [18] showed a significant
increase in the polyadenylated 3’-end signal upon SPT6 de-
pletion at the SPT6 readthrough regions defined in our study
(Supplementary Fig. S5G). These findings suggest an alter-
native polyadenylation mechanism leading to a downstream-
shifted termination in the absence of either SPT6, PNUTS, or
PCF11.

PNUTS assists SPT6 in PROMPTSs restriction, while
PCF11 is essential for PROMPTSs activation in the
absence of SPT6

In addition to regulating transcription termination at gene 3'-
ends, SPT6 has also been implicated in regulating antisense
transcription at gene promoters [18]. In order to evaluate
whether SPT6, PCF11, and PNUTS regulate PROMPTs and
readthrough transcripts in the same manner, we first defined
PROMPT regions for RefSeq-annotated genes as 5 kb-regions
upstream of the gene TSS. We selected regions that (i) do not
overlap with annotated genes on the same strand, (ii) corre-
spond to genes with an RNAPII ChIP-seq peak within their
promoter region (TSS + 1.5 kb) (genes of Category A and B),
and (iii) have an average RNA-seq signal higher than 1 RPM
in at least one condition (Supplementary Fig. S6A). This pro-
cess resulted in the identification of 4131 PROMPT regions.

For each factor, we then excluded the PROMPT regions cor-
responding to genes that were positively regulated by the same
factor on the opposite strand, to eliminate PROMPTs aris-
ing from readthrough transcripts of downstream genes (see
Supplementary Fig. S6B for example).

In line with the previous study by Nojima et al. [18],
the effect of SPT6 depletion on PROMPTs was noticeable

(Supplementary Fig. S7A). Similar to what we observed for
readthrough transcripts, IWS1 depletion had minimal im-
pact on PROMPT levels. However, unlike readthrough tran-
scripts, the effect of PCF11 or PNUTS on PROMPTs was
mild (Supplementary Fig. S7A). Additionally, 77% of the
PROMPTs affected by SPT6, PNUTS, or PCF11 belonged to
gene Category A, defined earlier (Supplementary Fig. S7B).

PROMPTs having a FC >2 (log;FC > 1) upon SPT6 de-
pletion compared to the control condition (7 = 1111) were
studied. Overall, SPT6 and PNUTS co-depletion had a greater
impact on PROMPTs than SPT6 depletion alone (Fig. 6A).
These PROMPT regions were then classified into three clus-
ters, similar to readthrough transcripts in Fig. 5. For most
genes (Cluster I, 680 out of 1111), the combined depletion of
SPT6 and PNUTS had a stronger effect on PROMPTs accu-
mulation than SPT6 depletion alone (Fig. 6B and C). Notably,
around 80% of Cluster I genes (538 out of 680) showed no
synergistic effect upon SPT6 and PNUTS double knockdown
(Bliss independence test, Supplementary Fig. S7C), suggesting
that, in half of the studied regions, PNUTS reinforces SPT6 in
restricting PROMPTs within the same pathway. An example is
shown for the PXDN gene (Fig. 6D), with amplification of this
gene’s first intron used as a control (Supplementary Fig. S7D).
Nevertheless, depleting both SPT6 and PNUTS can also have
the opposite effect and reduce PROMPT expression (Cluster
II, Fig. 6B and C).

In the case of PCF11, we observed an overall robust de-
crease in the effect of SPT6 on PROMPT accumulation upon
combined depletion of PCF11 and SPT6 (Fig. 6E). This pattern
was noted in 58% of all SPT6 PROMPTs (Cluster II, 648 out
of 1111) (Fig. 6F and G). An example is shown for the GGCT
gene (Cluster II) (Fig. 6H and Supplementary Fig. S7E). This
suggests that PCF11 is necessary for PROMPT accumulation
in the absence of an SPT6-dependent repression. Yet, for a
smaller number of PROMPTs (Cluster I), an increase in their
accumulation was observed upon the combined depletion of
PCF11 and SPT6 (Fig. 6F and G). Of note, the observed ef-
fects are specific to PROMPTs, as we did not detect similar
changes in intragenic transcription [Supplementary Fig. S7D
and E (first intron) and Supplementary Fig. S8A and B].

Similar to readthrough transcripts, the effect of SPT6 and
PNUTS on PROMPT transcripts, but not intragenic tran-
scripts, is observed at the transcriptional level, as demon-
strated by nuclear run-on experiments (Supplementary Fig.
S8C). In contrast, PCF11 has little to no effect on PROMPT
transcripts, even at the transcriptional level.

Additionally, similar to readthrough transcripts, we ob-
served that PROMPTs end at a polyadenylation site for sev-
eral genes (see examples in Fig. 61 and Supplementary Fig.
S7F), and that the polyadenylated 3’-RNAseq signal signif-
icantly increases upon SPT6 depletion at SPT6 PROMPTs
(Supplementary Fig. S8D) indicating a downstream-shifted
termination as previously proposed [18].

Overall, our results highlight a complex network involv-
ing SPT6, PNUTS, and PCF11 in regulating transcription
termination. At the 3’-end of genes, SPT6 strongly restricts
readthrough accumulation in collaboration with PCF11 and
PNUTS for most of the studied genes. Meanwhile, SPT6 and
PNUTS jointly inhibit hundreds of PROMPTs. However, in
this case, PCF11 appears to be necessary for the expression
of PROMPTs in the absence of an SPT6:PNUTS repression
(Fig. 7).
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Discussion

In this study, we investigated the roles of SPT6 and its inter-
action partners in transcription termination. We initially as-
sessed the cooperation between SPT6 and its closest partner,
IWS1. While our results show a very strong correlation be-
tween the chromatin occupancy of IWS1, SPT6, and RNAPII,
we observed that the IWS1/RNAPII ratio decreases at the 3'-
end of genes when compared to that of SPT6/RNAPIL Sim-
ilarly, distinct occupancy profiles at the 3’-end of genes are
also observed in yeast for Spt6 and Spn1 [36]. However, oppo-
site effects were observed, as Spn1 occupancy increases much
more than Spt6 towards the 3’-end of the gene and peaks
just upstream and downstream of the poly(A) site [36]. Nev-
ertheless, taken together these studies suggest that SPT6 and
IWS1/Spn1 could have separate functions in regulating gene
expression.

While SPT6 knockdown regulated the expression of thou-
sands of genes, very few genes were affected upon IWS1
knockdown in our experiments. Interestingly, even if deple-
tion of Spn1 in yeast resulted in a more widespread decrease
of transcripts, affecting more than 1500 genes, the effects were
still mild compared to SPT6 depletion [16, 34]. While in our
experiments we cannot exclude the possibility of a difference
in depletion efficacy between IWS1 and SPT6, this discrepancy
suggests that another cellular factor may functionally com-
pensate for IWS1 function in human cells. In yeast, an SPT6
mutation impaired for Spn1 interaction leads to an increase in
the recruitment of FACT to chromatin [35]. FACT is a histone
chaperone that associates with elongating RNAPII and facil-
itates transcription through nucleosomes [26]. As FACT was

shown to be highly enriched at active genes in cancer cells [67],
it is plausible that the requirement for IWS1 is compensated by
elevated levels of FACT in our IWS1-knockdown experiments
using cancer cell lines. Another possibility is that IWS1 is not
required for gene expression under control conditions in hu-
man cells but is rather involved in the transcriptional response
to external signals. Indeed, IWS1 is the substrate of several ki-
nases including CDK9 and AKTs [68, 69], and it was proposed
that IWS1 phosphorylation by AKT kinases is required for its
interaction with SETD2 and favors the recruitment of SETD2
to the RNAPII elongation complex [68]. Further experiments
will be needed to determine whether IWS1 is required to regu-
late gene expression in response to external stimuli in human
cells.

IWS1 connects several factors involved in transcription
through specific TND-TIM interactions [38]. IWS1 TND in-
teracts with TIMs in the N-terminal region of SPT6, while
each of its three TIM domains can selectively bind to TND-
containing factors, including PNUTS [37-39]. It was proposed
that, via its TND-TIM interfaces, IWS1 could bridge SPT6
and PNUTS [38]. However, our co-immunoprecipitation re-
sults show that SPT6 still interacts with PNUTS in ITWS1
knockout cells, suggesting that IWS1 is not absolutely re-
quired for this interaction. It remains unclear whether SPT6
TIMs could directly bind to PNUTS TND in vivo or whether
their interaction involves another factor.

The limited ChIP-seq data available for PNUTS prompted
us to characterize the chromatin binding profile of the en-
dogenous protein. Our ChIP-seq analysis revealed that, in our
model, PNUTS peaks were predominantly located in gene re-
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gions. Despite previous reports suggesting PNUTS involve-
ment in eRNA transcription [70], we observed very few,
low-abundance peaks in enhancer regions. This suggests that
PNUTS binding to enhancers might be highly dynamic and
technically challenging to detect by ChIP, or that its effect on
enhancers is indirect. In line with studies on both epitope-
tagged PNUTS [48] and endogenous PNUTS in U20S cells
[65], we detected significant enrichment of PNUTS at TSS and
TES. However, our data showed similar abundance of PNUTS
peaks at TES and TSS on average. Furthermore, the binding
profile of PNUTS varied depending on gene characteristics
such as expression level, pausing index, and gene length. No-
tably, we observed the highest PNUTS enrichment in highly
transcribed genes, as reported in earlier studies [58, 65].

SPT6 depletion resulted in increased readthrough tran-
scripts at ~1250 RefSeq-annotated genes. While our results
stand in contrast with studies in yeast which suggest that the
loss of SPT6 leads to earlier transcription termination [71,
72], they confirm a recent study in mammalian cells showing
that acute SPT6 depletion increases readthrough transcripts
[5]. We found that PCF11 and PNUTS, two factors involved
in transcription termination, strongly cooperate with SPT6 to
regulate transcription readthrough. In agreement with previ-
ous analysis showing that depletion of SPT6 reduced the asso-
ciation of transcription termination factors, including PNUTS
and PCF11, with RNAPII [5, 40], we show that SPT6 inter-
acts with both factors. PNUTS targets the PP1 protein phos-
phatase to SPTS and promotes its dephosphorylation to slow
down transcription at the 3’-end of genes [48]. We speculate
that by recruiting PNUTS to the RNAPII complex, SPT6 could
regulate the dephosphorylation of SPTS5 and facilitate the de-
celeration of RNAPII at poly(A) sites of termination.

We noticed that similarly to what we observed for PCF11,
the depletion of SPT6 and/or PNUTS also led to a shift to-
wards the use of the most distal PAS at several annotated
genes. Recent studies show that PCF11 is a regulatory factor
of the CPA complex which was shown to affect alternative
CPA (APA) by favoring the use of proximal PAS at a subset of
pc genes [43, 44, 73]. Thus, our results suggest that SPT6 co-
operates with PCF11 and PNUTS to enforce transcription ter-
mination at proximal PAS. It also indicates that in the absence
of SPTé, distal PAS-dependent transcription termination can
still occur. Thus, rather than having a global effect on tran-
scription termination, we propose that SPT6 could regulate
APA at a subset of cellular genes by promoting the use of the
proximal PAS through its interaction with PCF11 and PNUTS.

Human gene promoters are generally considered to be in-
herently bidirectional, though not all RNAPII promoters ex-
hibit such bidirectionality. In fact, various transcription elon-
gation factors, nucleosome remodelers and RNA surveillance
factors have been identified to limit promoter-antisense tran-
scription [18, 70, 74-76]. Here, we report a significant effect
of SPT6 on PROMPT restriction. This observation aligns with
DeGennaro et al’s study [13] in Schizosaccharomyces pombe,
where the loss of Spt6 induced significant chromatin structure
alterations and increased antisense transcription in over 70%
of genes. Additionally, in humans, SPT6 depletion was found
to increase IncRNA transcription, including PROMPTs, which
was accompanied by elevated H3K36me3 histone mark in the
antisense direction [18].

PROMPTs were initially characterized in 2008 by Preker
et al. [74] as a class of short RNAs, ranging from 0.5 to 2.5
kb, transcribed by the RNAPII upstream of annotated gene

promoters. These RNAs are polyadenylated but highly un-
stable, as indicated by their high enrichment upon depletion
of exosome subunits. Indeed, SPT6 has been shown to co-
localize with exosome subunit Rrp6 in Drosophila [77], with-
out direct binding in pulldown assays [37], implying an indi-
rect association between SPT6 and Rrp6. Our findings also re-
veal that PNUTS depletion upregulates PROMPT levels, albeit
less effectively than SPT6, likely due to less efficient siRNA-
mediated knockdown of PNUTS expression in our assays. In-
terestingly, PNUTS was recently described to associate with
the restrictor complex (WDR82-ZC3H4) and ARS2, which
in turn recruits the nuclear exosome to terminate unproduc-
tive transcription [50, 78, 79]. Thus, we propose that SPT6,
by interacting with PNUTS, recruits the RNA exosome to ter-
minate antisense transcription.

In contrast, we show that PCF11 depletion alone does not
greatly impact PROMPT levels. However, for hundreds of
genes, in the absence of SPT6, PROMPT accumulation fol-
lowing PCF11 depletion is restricted. This implies that PCF11
is either necessary for PROMPT transcription/stabilization,
or competes with another PROMPT-restricting factor for
RNAPII binding. In yeast, the CID-containing Nrd1 protein
was shown to regulate cryptic unstable transcripts through
the yeast nuclear exosome and TRAMP components [80]. The
termination potential of the Nrd1 protein was shown to be af-
fected by PCF11 binding to RNAPII [81].

In this study, we used size factor normalization for RNA-
seq data analysis, a widely used and robust method. While
this approach has limitations, particularly in datasets with
a large proportion of differentially expressed genes, we as-
sessed its applicability by recalculating size factors with and
without differentially expressed genes in our datasets. The
results showed that the size factors remained highly consis-
tent across conditions, confirming that our normalization ap-
proach is stable and primarily influenced by the majority of
unaffected genes. Additionally, the size factor was consistently
higher in the siSPT6 condition than in the control condition,
indicating that any potential bias introduced by normaliza-
tion would lead to an underestimation of effects rather than
overestimation.

Similarly, the use of total RNA-seq rather than nascent
RNA-seq may also contribute to an underestimation of
transcriptional effects. For highly expressed genes, such as
SEC22B (Supplementary Fig. S9), readthrough transcripts can
be difficult to visualize on a linear scale. However, these
readthrough transcripts are easily detectable when zoom-
ing into the region or when using RT-qPCR and NRO ex-
periments. In contrast, for moderately expressed genes (e.g.
CTNND1 and DHX34; Supplementary Fig. S9), the effects
are more readily detectable. Notably, since PROMPTs are
transcribed from the opposite strand relative to mRNAs, they
are less masked by the high abundance of mRNA transcripts in
our datasets (e.g. DOCKS and PVT1, Supplementary Fig. S9).
Furthermore, the effects observed across all conditions have
been validated using complementary methods, including nu-
clear run-on experiments, which specifically measure nascent
transcription and provide strong evidence that the changes
we report reflect genuine transcriptional regulation by SPT6,
PNUTS, and PCF11.

Overall, our data highlight a crucial role for SPT6 in regu-
lating transcription termination at the 3’-end of genes, in col-
laboration with PNUTS and PCF11. At the 5’-end of genes, we
propose a model where SPT6 and PNUTS establish a primary


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf179#supplementary-data
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checkpoint for PROMPT regulation. Following the release of
this initial checkpoint, PROMPT regulation is further man-
aged by PCF11 and other potential termination factors.
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