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ABSTRACT
Initially discovered by genetic screens in budding yeast, SPT5 and its partner SPT4 form a stable 
complex known as DSIF in metazoa, which plays pleiotropic roles in multiple steps of transcrip
tion. SPT5 is the most conserved transcription elongation factor, being found in all three domains 
of life; however, its structure has evolved to include new domains and associated posttranslational 
modifications. These gained features have expanded transcriptional functions of SPT5, likely to 
meet the demand for increasingly complex regulation of transcription in higher organisms. This 
review discusses the pleiotropic roles of SPT5 in transcription, including RNA polymerase II (Pol II) 
stabilization, enhancer activation, Pol II pausing and its release, elongation, and termination, with 
a focus on the most recent progress of SPT5 functions in regulating metazoan transcription.
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Introduction

RNA polymerase II (Pol II)-mediated transcription 
is a highly regulated dynamic process that generally 
consists of three phases: initiation, elongation, and 
termination. Transcription initiation requires the 
assembly of a preinitiation complex (PIC) composed 
of Pol II and general transcription factors (GTFs) on 
core promoters. Initiation begins with the opening of 
double-stranded DNA and synthesis of RNA tran
scripts before the transcription machinery pauses 
promoter proximally, which has been widely 
accepted as a regulatory step of metazoan transcrip
tion deciding whether and, if yes, how often Pol II is 
released into productive elongation. Pol II speeds up 
gradually to several kb per minute during elongation, 
passing through exons and introns to influence co- 
transcriptional splicing. When arriving at the 3′ end 
of genes, messenger RNAs (mRNAs) are cleaved and 
polyadenylated while Pol II is evicted from the DNA 
template, leading to transcription termination and 
the formation of processed or partially processed 
transcripts ready to be exported to the cytoplasm.

The precise regulation of transcription depends on 
a panel of core factors or complexes that control each 
step of transcription and coordinate the transitions 
from one step to another. Among these factors, the 
evolutionarily conserved transcription regulator SPT5 

(suppressor of Ty5 homolog), termed the DRB 
(5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole) 
sensitivity-inducing factor (DSIF) when in complex 
with SPT4 in metazoans, stands out for its critical roles 
in virtually all steps of transcription including enhan
cer activation, pausing maintenance, pause release, 
elongation, RNA processing, and termination. 
Despite the crucial pleiotropic roles of SPT5 in tran
scription, until recently, there was limited mechanistic 
understanding, especially in mammalian cells, of how 
SPT5 controls each transcriptional step and how it 
coordinates their stepwise transitions. Moreover, con
troversies remain concerning several aspects of SPT5 
functions. For example, it is still debated, for protein- 
coding genes and their enhancers, whether SPT5 is 
simply an activator of transcription or if it can both 
upregulate and downregulate gene expression in 
a context-dependent manner, as well as whether 
SPT5 is simply a general or sometimes tissue- 
specific transcriptional regulator.

In this review, we summarize recent discoveries in 
SPT5 regulation, with a focus on metazoan tran
scription, particularly pausing, elongation, and 
enhancer activation. We also discuss how recent 
progress could address long-lasting questions and 
controversies regarding SPT5′s multifaceted func
tions and their underlying mechanisms.
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The identification and functions of SPT5 and 
DSIF

SPT5, together with SPT4, was initially identified by 
the Winston group through the selection of mutants 
in the budding yeast Saccharomyces cerevisiae 
(S. cerevisiae) that suppress the inhibition caused 
by Ty transposon insertions in the 5’ noncoding 
regions of the HIS4 gene [1]. Subsequent studies by 
Winston and colleagues linked SPT5 with transcrip
tion elongation and found that it might form com
plex with SPT4 [2–4]. SPT5 is the only known 
transcription elongation factor conserved in all 
three domains of life (Figure 1). SPT5 in bacteria 
(called NusG) and archaea share one structurally 
conserved NusG N-terminal (NGN) domain and 
one Kyprides, Ouzounis, Woese (KOW) domain 
with eukaryotes (KOW1 for eukaryotes). However, 
SPT5 in eukaryotes has evolved a negatively charged 
N-terminal region (SPT5N), several additional 
KOW domains, and one or two C-terminal repeat 
regions (CTR). In higher organisms, SPT5 is subject 
to extensive phosphorylation and contains at least 
two hotspots within the KOWx-4/5-linker (a flexible 
linker between KOWx-4 and KOW5 domains) and 
the CTR1 [5–15], respectively. The phosphorylation 
status at these sites, along with the kinases and phos
phatases catalyzing them, is crucial to the regulation 
of the different SPT5-dependent transcription steps 
(discussed below).

Using in vitro transcription assays in combina
tion with biochemical fractionation of Hela cell 
extracts, the Handa group identified DSIF, com
posed of SPT5 and SPT4, as a DRB sensitivity 
factor, and for the first time connected SPT5 
with the stabilization of promoter-proximal paus
ing [16]. An independent study later purified DSIF 
through the identification of factors that mediate 
Mediator responsiveness in transcription, corro
borating DSIF functioning in early steps of tran
scription in mammalian cells [17]. Subsequent 
reports found that SPT5 associates with the 
actively elongating form of Pol II from 5’ to 3’ 
ends of genes upon transcriptional activation in 
Drosophila, highlighting the conserved positive 
role of SPT5 in transcription in higher organisms 
[4,18]. These seminal studies above have laid the 
foundation for future investigation of this essen
tial, pleiotropic transcriptional regulator.

Stabilization of pol II protein by SPT5

Apart from the well-established roles of SPT5 in 
multiple transcriptional steps, recent studies from 
the Shilatifard group and our lab revealed the 
unexpected SPT5 function in stabilizing Pol II 
protein [19,20]. In both reports, proteolysis- 
targeting chimera (PROTAC)-induced degrada
tion of endogenous SPT5 in different human cells 
causes an immediate, substantial degradation of 
the largest Pol II subunit RPB1, supporting 
a direct regulation of Pol II stability (Figure 2). 
Mechanistically, the Shilatifard group found that 
SPT5 loss induces the enrichment of the E3 ligase 
Cullin 3 and the unfoldase VCP/p97 on chroma
tin, especially at promoters, where it initiates RPB1 
degradation. The degradation requires the kinase 
activity of P-TEFb, suggesting that the phosphor
ylation of Pol II itself, or of other factors, can be 
critical for Pol II degradation [19]. SPT5 depletion 
mainly (but not exclusively) destabilizes paused 
Pol II in mammalian cells. Although SPT4 is 
required for optimal DSIF functions in transcrip
tion, its loss has no evident effect on Pol II stability 
[19]. Despite the lack of typical Pol II pausing in 
S. cerevisiae, SPT5-dependent Pol II stabilization 
appears to be conserved in budding yeast, as Spt5 
removal leads to Rpb1 degradation, and Rpb1 
levels are rescued by Cdc48 (a yeast ortholog of 
VCP) removal [19].

When transcribing Pol II encounters damaged 
DNA, it stalls and induces transcription-coupled 
DNA repair (TCR) to remove DNA lesions [21–24]. 
This process also involves the degradation of RPB1 
following its ubiquitination at lysine 1268 (K1268) 
[25,26]. Upon the initiation of TCR, Cockayne syn
drome group B (CSB, also known as ERCC6) (or its 
orthologue Rad26 in S. cerevisiae) is among the first 
batch of proteins to be recruited to the arrested Pol II 
[21,24,27–34] directly. Structures of Pol II bound by 
CSB/Rad26 reveal notable steric clashes between CSB/ 
Rad26 and DSIF, suggesting that DSIF needs to be 
displaced by CSB/Rad26 in TCR [35,36]. Reciprocally, 
DSIF plays a regulatory role in TCR by hindering 
unscheduled CSB/Rad26 loading, TCR commence
ment, and presumably TCR-induced Pol II degrada
tion. Therefore, cells lacking either SPT5 or SPT4 
circumvent the requirement for CSB/Rad26 to induce 
TCR [37–41].
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Figure 1. Domains and structures of SPT5/NusG in different organisms.
(a) Schematic representation of SPT5 domain organization across the three domains of life (modified from Decker et al [59]. and 
Zuber et al [163].). NTD, N-terminal domain; NGN, NusG N-terminal domain; KOW (Kyprides, Ouzounis, Woese) domain; P, 
phosphorylation. (b) Cryo-EM structure of bacterial NusG bound by RNA polymerase (PDB: 6C6U). (c) Cryo-EM structure of human 
SPT5 bound by SPT4, NELF, and paused Pol II (PDB: 6GML). 
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It is as yet unclear whether or not SPT5 (or 
DSIF) mediated Pol II stabilization in normal tran
scription and TCR share a common pathway. 
Based on the current data, one noticeable differ
ence is that SPT4 is dispensable for stabilizing Pol 
II during normal transcription, but it is crucial for 
regulating CSB loading during TCR [19,37]. 
Future investigations are warranted to unveil the 
underlying mechanisms of SPT5-dependent Pol II 
stabilization in different contexts.

SPT5 function in pausing

Although a relative enrichment of engaged Pol II 
at promoters is observed for some genes in lower 
organisms such as Schizosaccharomyces pombe 
(S. pombe) and S. cerevisiae [42,43], promoter- 
proximal pausing is substantially more apparent 
and pervasive in more advanced species and has 
been considered as a gained regulatory transcrip
tional step through evolution to meet the demand 
for more precise and prompt control of gene 

Figure 2. Functions of SPT5 and NELF in stabilizing promoter-proximal Pol II pausing.
(a) Pol II undergoes two sequential pausing steps at promoters. Under normal condition, SPT5 and NELF associate with, and stabilize, 
Pol II at the first pausing site. SPT5 contributes to Pol II protein stability by preventing RPB1 degradation. The transition to 
the second pausing site is accompanied by the dissociation of NELF and the binding of additional pausing factors such as PAF1C, 
while SPT5 is retained. (b) Loss of NELF induces the release of Pol II from the first to the second pausing sites, but does not cause Pol 
II progression into productive elongation. (c) Loss of SPT5 not only induces the shift of Pol II from the first to the second pausing 
sites, presumably due to the impaired NELF recruitment, but also leads to proteasome-mediated RPB1 degradation that is 
independent of NELF. 
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expression in complex processes such as develop
ment [44–48]. The paused Pol II typically dwells 
within a 20–120 bp window downstream of the 
transcription start site (TSS). SPT5, along with 
NELF, plays a crucial role in stabilizing paused 
Pol II. On the basis that RPB1 protein is degraded 
upon acute SPT5 depletion as discussed above, we 
now can anticipate two non-exclusive mechanisms 
whereby SPT5 stabilizes paused Pol II (Figure 2): 
one is that SPT5 prevents the targeting of paused 
Pol II by proteasome-mediated degradation on 
chromatin, the other is that it could restrain Pol 
II release toward downstream regions. Unlike 
SPT5, NELF can only inhibit the downstream 
shift of paused Pol II but does not regulate RPB1 
protein stability [19]. DSIF and NELF directly 
interact with each other, and the association of 
NELF with Pol II is dependent on the presence 
of DSIF, while the DSIF-Pol II interaction does not 
require NELF (Figure 1c) [49–51]. Therefore, it is 
plausible that SPT5-dependent suppression of 
downstream Pol II release is mediated through 
NELF. Given that the phenotype of RPB1 protein 
degradation is more dominant than that of down
stream Pol II shift following acute SPT5 depletion, 
the RPB1 protein degradation pathway needs to be 
inhibited before revealing the pervasive SPT5 role 
in keeping Pol II at pausing sites [19,20].

High-resolution Pol II profiling methods such as 
PRO-seq, combined with the interference of key 
transcription regulators, have enabled the discovery 
of two sequential pausing regions for one promoter 
(Figure 2) [52,53]. The upstream one (first pausing) 
is mainly located within the 20–120 bp pausing 
window and is generally the one we traditionally 
found and widely studied. The downstream one 
(second pausing) is mainly positioned proximally 
to the dyad of +1 nucleosomes, suggesting the impli
cation of chromatin context in controlling 
the second pausing. In contrast to the first pausing 
sites that are occupied by the majority of paused Pol 
II population, the second pausing is more obscure or 
even hidden and thus depends on disruption of the 
first pausing to be clearly manifested genome-wide. 
With the help of DSIF, NELF contributes to the 
stabilization of the first but not the second pausing 
[52,53], with its depletion resulting in the down
stream shift of Pol II to the second pausing sites 
around the +1 nucleosome dyad. The stabilization

of Pol II at the second pausing sites is aided by the 
pausing and elongation regulator PAF1 complex 
(PAF1C) and probably chromatin remodelers [54– 
56], whereas Pol II release from the second pausing 
sites requires factors such as P-TEFb and MYC 
[52,53,57].

Structural comparison of NELF- and PAF1C- 
containing Pol II complexes reveals steric clashes 
between NELF and PAF1C, thus eliciting 
a plausible model that the shift of Pol II from the 
first to the second pausing sites is accompanied by 
a substantial change in the composition of Pol II 
complex, such as the replacement of NELF by 
PAF1C [15,54,58]. Different from the eviction of 
NELF during this transition, DSIF remains with 
Pol II at the second pausing site (Figure 2a). Under 
the condition that Pol II degradation is blocked, 
rapid SPT5 depletion leads to further release of Pol 
II from the second pausing sites into gene bodies 
[19], indicating the function of SPT5 in stabilizing 
Pol II at the second pausing site.

SPT5 function in pause release

The master regulator of pause release for most if 
not all paused genes is P-TEFb, comprising CDK9 
and cyclin T1 [59,60]. Recruitment of P-TEFb at 
promoters is mediated by specific transcription 
factors or cofactors via different mechanisms 
[47,61–64]. Moreover, P-TEFb activity is modu
lated by interacting factors or complexes. For 
example, incorporating into the super elongation 
complex (SEC) or binding with BRD4 boosts its 
catalytic activity while its integration into the 7SK 
complex limits its activity [61,62,65–68]. Close to 
100 putative substrates of P-TEFb have been iden
tified, which are enriched for proteins involved in 
transcription and RNA catabolism [6]. Among 
them, the most prominent and presumably crucial 
ones that primarily occupy promoters include Pol 
II itself, NELF, and SPT5 (Figure 3). The phos
phorylation of NELF elicits its dissociation from 
chromatin and thus the relief of the first pausing 
[52,53,69], while phosphorylation of Pol II CTD at 
serine 2 and SPT5 may partially induce the release 
of Pol II to proceed into productive elonga
tion [5,70].

SPT5 contains two major phosphorylation hot
spots, serine 666 (S666) within the KOWx-4/ 
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5-linker, and the fourth threonine residues of the 
CTR1 repeats (Figure 1a). It had previously been 
undetermined whether, and if yes, which hotspot 
is implicated in pause release regulation by SPT5. 
To address this issue, we recently conducted res
cue experiments by inducing the expression of 
wild-type SPT5 or mutants mimicking unpho
sphorylated SPT5 at S666 and the CTR1 threo
nines, respectively, in cells with depletion of 
endogenous SPT5 [20]. Our results unambigu
ously indicate that phosphorylation at S666 of the 
KOWx-4/5-linker, but not CTR1, is critical for 
P-TEFb mediated release of paused Pol II into 
elongation. The underlying mechanism could be 
explained by structural studies: KOWx-4 and 
KOW5 form an “RNA clamp” over the RNA exit 
tunnel of Pol II, while the positively charged 
KOWx-4/5-linker that connects KOWx-4 to 
KOW5 passes the negatively charged exiting 
RNA and thus potentially retains it in the exit 
tunnel [7]. S666 phosphorylation could reduce

the net positive change of the linker to disrupt 
the SPT5-RNA interaction, thus enabling 
a conformational change of Pol II to allow further 
synthesis/extension of RNA out of the exit tunnel 
during the transition to productive elongation. 
Notably, mutations of SPT5 at either the KOWx- 
4/5-linker or CTR1 exert no effect on RPB1 pro
tein stability, indicating that SPT5-dependent sta
bilization of Pol II does not require 
phosphorylation at either hotspot [20].

Targeting SPT5 by phosphatases

Targeted phosphorylation by P-TEFb and other 
transcription-activating kinases is counterbalanced 
by different classes of phosphatases throughout the 
entire transcription cycle [71]. For most of these 
phosphatases, their catalytic specificity and 
detailed functions remain uncertain or even con
troversial. For example, we recently showed a lack

Figure 3. Schematic of SPT5 function in regulating pause release.
(a) At the first pausing sites, SPT5 directly interacts with NELF and facilitates its optimal association with Pol II. Upon the recruitment 
and activation of P-TEFb or P-TEFb-containing complexes such as SEC, NELF is phosphorylated and dissociates, leading to Pol II 
release to the second pausing sites. P-TEFb-mediated phosphorylation of Pol II CTD and SPT5 KOWx-4/5-linker together induce the 
transition of the transcription machinery into an elongation conformation. (b) The regulation of phosphorylation status of Pol II CTD 
(left) and SPT5 (right) through the balance between kinases and phosphatases. P-TEFb or P-TEFb-containing complexes are 
responsible for Pol II and SPT5 phosphorylation. CTR1 and S666 of SPT5 can be dephosphorylated by the INTAC phosphatase 
module and by PP4. 
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of catalytic activity for RPAP2 [72], a previously 
reported putative Pol II phosphatase [73–75]. To 
date, identified phosphatases targeting SPT5 
include PP1, PP4, and PP2A (Figure 3b, 
Figure 4) [11,12,76,77]. PP4 dephosphorylates 
both S666 of the KOWx-4/5-linker and CTR1 of 
SPT5, whereas PP1 targets the SPT5 CTR1 [12]. 
Supporting the requirement for S666 but not 
CTR1 phosphorylation in promoting release from 
pausing [20], only depletion of PP4 but not PP1 
induces the release of Pol II into gene bodies [12]. 
Consistently, PP4 is predominantly located 
between the TSS and ~2-3 kb downstream of 
genes. In addition to the antagonistic regulation 
in phosphorylation of common substrates, P-TEFb 
can direct phosphorylate and thus inhibit the 
activity of both PP1 and PP4, adding another 
layer of complexity to their crosstalk (Figure 4).

Similar to PP4, PP2A dephosphorylates both 
S666 and CTR1 of SPT5 (Figure 3b). Both the 
chromatin association and catalytic activation of 
PP2A rely on the incorporation of the PP2A core 
enzyme into the Integrator complex to assemble 
a new subfamily of PP2A holoenzyme, which we 
named INTAC (Integrator and PP2A-AC) com
plex [76–78]. Disruption of the INTAC phospha
tase module induces transcriptional activation by 
the release of Pol II from pausing, at least partially 
through the elevation of SPT5 phosphorylation at 
S666 [76,78]. Therefore, loss of INTAC phospha
tase activity confers cellular resistance to P-TEFb 
inhibition (Figure 3b) [77]. The balance between

P-TEFb and INTAC in modulating pausing and 
pause release could be harnessed by other tran
scription regulators such as PAF1C, which can 
directly interact with INTAC [54,58]. Through 
this interaction, PAF1 can recruit INTAC to geno
mic regions, including promoters, to suppress 
SPT5 phosphorylation, which could potentially 
explain the broad function of PAF1 in restraining 
the release of Pol II from the second pausing sites 
[54–56]. However, it is important to highlight that 
SPT5 is not the only player in the antagonism 
between P-TEFb and INTAC, since disruption of 
the INTAC phosphatase module in SPT5-null cells 
still stimulates transcriptional activation [19]. 
Therefore, additional common targets, such as 
Pol II itself, could function synergistically with 
SPT5 in mediating the balance of transcriptional 
regulation between P-TEFb and INTAC.

SPT5 function in productive elongation

In addition to stabilizing paused Pol II at promo
tors in metazoa, SPT5, along with SPT4, has been 
more well known for its conserved function in 
promoting elongation processivity and velocity 
since the discovery of DSIF (Figure 4) 
[8,11,16,59,60,79–84]. Supporting its multifaceted 
roles, SPT5 remains associated with Pol II during 
elongation and termination after exiting the paus
ing sites [85,86]. SPT5 function in productive tran
scription was already established by a host of 
studies in yeast, which lacks a pervasive pausing

Figure 4. Schematic of SPT5 function in elongation-termination transition.
During productive elongation, SPT5 is hyperphosphorylated, especially at its CTR1 domain. At this stage, P-TEFb not only 
phosphorylates SPT5, but also directly targets PP1 and PP4 to inhibit their enzymatic activity. When transitioning into termination, 
PP1 and PP2A catalyze the dephosphorylation of SPT5 CTR1 and Pol II CTD, leading to decelerated transcription that is targeted by 
termination factors. In the termination zone, the dephosphorylated SPT5 stabilizes the transcription machinery and prevents 
unscheduled Pol II progression. Therefore, SPT5 loss induces widespread transcriptional readthrough. 
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phenotype and thus is an ideal model to evaluate 
regulation of processivity by SPT5. In S. cerevisiae, 
Spt5 is required to sustain global transcription and 
cell survival, with its mutation or depletion leading 
to a genome-wide defect in Pol II progression in 
gene bodies [2,81,87,88]. Consistently, a vast 
majority of genes are downregulated at levels of 
both nascent and mature RNAs upon SPT5 deple
tion in Drosophila [89].

Depletion of SPT5 in mammalian cells results in 
accumulation of Pol II in the early gene body 
region, as measured by Pol II ChIP-seq or PRO- 
seq [20,79,85]. This type of alteration could be 
interpreted as either enhanced release of Pol II 
into gene bodies or impaired Pol II processivity 
during the productive elongation stage, or both. 
Nonetheless, the enhanced release of Pol II from 
the pause site would normally upregulate nascent 
RNA synthesis, while impaired Pol II processivity 
would dampen nascent RNA synthesis. Therefore, 
quantification of nascent RNA levels by techniques 
such as 4SU-seq or transient transcriptome 
sequencing (TT-seq) is crucial in distinguishing 
between these two scenarios. Our recent study 
using spike-in normalized TT-seq revealed that 
rapid SPT5 degradation in human cells leads to 
a genome-wide reduction in nascent RNA levels 
[20]. This change is vastly different from that 
caused by acute loss of PAF1C in the same or 
different cell types, which can exhibit an increase 
or decrease in nascent transcription in a gene- 
specific manner [54,90]. These results support 
a dominant role of SPT5 in promoting Pol II 
processivity. Moreover, the rapid depletion system 
allows the separation of SPT5’s role in pausing and 
productive elongation, with the former to stabilize 
paused Pol II mainly by limiting its degradation or 
disassociation from chromatin as elaborated 
above.

The evolutionary conservation of SPT5 elonga
tion function can be traced back to its counter
parts in bacteria (called NusG) and archaea 
(Figure 1a), where SPT5/NusG primarily promotes 
elongation progression [91–93]. The elongation- 
promoting function of SPT5 is in part mediated 
by the suppression of Pol II arrest during elonga
tion, as SPT5 conveys resistance to nucleotide- 
limiting conditions prone to inducing elongation 
arrest [16,94]. As described above, SPT5/NusG

from all three domains of life share one NGN 
domain and at least one KOW domain (corre
sponding to KOW1 in eukaryotes), implying the 
functional importance of these regions in mediat
ing productive elongation (Figure 1a) [93,95]. 
Structures of SPT4-SPT5 in complex with the 
polymerase and biochemical studies have shed 
light on the underlying molecular mechanisms: 
The NGN domain directly binds to RPB1, RPB2, 
and the upstream DNA duplex to form a DNA 
clamp that facilitates the maintenance of a closed 
active center cleft for elongation. KOW/KOW1 
and SPT4 together conceal and further stabilize 
the DNA clamp [15,95–101]. Moreover, SPT5 
CTR, especially its phosphorylated form, further 
stimulates elongation by recruiting other elonga
tion factors such as PAF1C [102–104].

The regulation of nucleosome dynamics and 
histone marks by SPT5

The elongation process implicates constant disas
sembly and reassembly of nucleosomes [105]. As 
revealed by the structure of elongating Pol II with 
nucleosome, SPT5, with the help of Elf1/ELOF1, 
intervenes between Pol II and the nucleosome to 
promote the progression of the polymerase 
through nucleosomal barriers [106]. This study 
provides a molecular basis for the reported SPT5 
function in promoting elongation through nucleo
somes in both eukaryotes and archaea [107,108]. 
Interestingly, despite the presence of SPT5/NusG 
in all three domains of life, SPT4 only exists in 
eukaryotes and archaea, coincident with the exis
tence of nucleosomes or nucleosome-like struc
tures in these two domains [109]. Notably, 
a recent study in S. cerevisiae shows that Spt4 
not only facilitates transcription through nucleo
somal barriers but also regulates nucleosome posi
tioning, although the mechanism is still unclear 
[110]. From an evolutionary perspective, SPT5 
gains a negatively charged N-terminal region 
(SPT5N) that interacts with the H2A-H2B dimer 
and the H3-H4 tetramer [106,111,112]. This inter
action was recently found to assist in the redeposi
tion of nucleosomal histones and thus preserve 
chromatin during elongation [112].

The influence of SPT5 on nucleosomes is also 
reflected by its regulation of epigenetic marks on
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histones. Loss of SPT5 induces a widespread 
decline in multiple histone modifications, includ
ing H2B ubiquitination (H2Bub), H3K4me3, 
H3K36me3, and H3K79me2 [113,114]. Apart 
from the influence of histone marks by the SPT5- 
mediated elongation control, the regulation of his
tone marks by SPT5 can also be mediated through 
its direct impact on nucleosome dynamics as dis
cussed above or indirectly through its cooperation 
with enzymes or factors governing the deposition 
of these marks [59,115]. For instance, SPT5 con
tributes to the optimal recruitment of PAF1C, 
which acts as a platform for the recruitment of 
multiple chromatin-modifying enzymes including 
Rad6-Bre1, DOT1L, COMPASS, and SETD2 
[54,55,102–104,116–129]. Future studies are 
needed to extricate how SPT5ʹs direct impact on 
nucleosome dynamics to influence the epigenetic 
landscape coordinates with its indirect regulation 
of epigenetic marks through enzymes or factors 
controlling them.

SPT5 function in termination

The transcription termination process includes 
the modulation of the polymerase elongation 
capacity in order to facilitate the dismantling 
and perhaps recycling of the transcription 
machinery. In contrast to the impaired produc
tive elongation induced by SPT5 loss as 
described above, the depletion of SPT5 also 
leads to extended transcription beyond the tran
scription end site (TES) in both mammalian cells 
[79] and yeast [130], indicating that SPT5 is 
engaged in the induction of efficient termina
tion. Using a rapid degradation system, acute 
loss of SPT5 leads to widespread transcriptional 
readthrough, corroborating its direct regulation 
of termination (Figure 4) [20]. SPT5 function in 
termination is likely attributed to its association 
with, and thus recruitment of, termination fac
tors, including the cleavage stimulation factor 
(CstF) [20,131,132], although the mechanistic 
details remain to be explored.

Phosphorylation of SPT5 could further influ
ence its function in termination. The Bentley 
group has proposed a “sitting duck torpedo” 
mechanism whereby the dephosphorylation of 
SPT5 CTR1 by PP1 decelerates transcription in

the termination zone and thus converts Pol II 
into a viable target for termination (Figure 4) [8]. 
Our recent results show that the disruption of 
SPT5 phosphorylation at CTR1, but not S666 
within the KOWx-4/5-linker, induces more effi
cient termination around the TES [20], confirming 
the critical role of CTR1 phosphorylation status in 
termination. One possible mechanism underlying 
this regulation is that SPT5 dephosphorylation 
decommissions other elongation factors such as 
PAF1C, which is also involved in the termination 
process and which preferentially binds phosphory
lated SPT5 [54,102,113,133–135]. However, 
further investigation is required to determine the 
primary role of the dynamics of SPT5 CTR1 phos
phorylation during termination in detail.

Compared with the role of SPT5 phosphoryla
tion sites in transcription termination, the func
tions of the kinases and phosphatases catalyzing 
SPT5 phosphorylation in this process are more 
enigmatic, presumably because each of them has 
multiple additional substrates exerting differen
tial impacts on transcriptional regulation. As ela
borated above, P-TEFb is the major kinase 
responsible for the phosphorylation of CTR1, 
while the corresponding phosphatases include 
PP1, PP4, and PP2A. The Fisher lab showed 
that P-TEFb blocking leads to transcriptional 
readthrough at the 3’ end of genes in part due 
to its substrate, the exoribonuclease XRN2, the 
phosphorylation of which enhances its enzymatic 
activity and thus ensures efficient termination 
[6]. Conversely, the Murphy lab reported a poly
(A)–associated elongation checkpoint regulated 
by P-TEFb, with inhibition of P-TEFb inducing 
Pol II to prematurely terminate transcription 
around the TES [136]. P-TEFb inhibition- 
induced termination defects are readily rescued 
by inhibition of PP2A but not inhibition of PP1, 
likely through PP2A targeting of the splicing fac
tor SF3B1 [137]. Disruption of PP1 leads to SPT5 
CTR1 hyperphosphorylation at the TES, 
enhanced elongation velocity, and delayed termi
nation [8,11,12,132,138]. However, it remains to 
be determined how different phosphatases coop
erate in neutralizing P-TEFb activity and which 
substrates are vital in mediating the kinase- 
phosphatase balance during the orchestration of 
the elongation-termination transition.
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Enhancer regulation by SPT5

Enhancer regions can be actively transcribed to 
synthesize enhancer RNAs (eRNAs), a process 
which potentially facilitates target gene activation 
[139,140]. Enhancer transcription harbors some 
typical regulatory features shared by active genes, 
such as bidirectional transcription, Pol II pausing, 
pause release, and early termination, despite each 
step being regulated to a different degree com
pared with protein-coding genes [20,89,141,142]. 
Similar to its global importance for protein-coding 
gene transcription, SPT5 is globally required for 
the synthesis of noncoding RNAs, including 
eRNAs in Drosophila [89]. Although SPT5 deple
tion in mouse B cells causes altered expression for 
a subset of enhancers [80], the acute and near- 
complete degradation of SPT5 in human cells 
dampens most if not all transcriptional activation 
of active enhancers [20], in line with SPT5 func
tion in Drosophila [89].

Paused Pol II is less stable at enhancers than 
promoters, being more susceptible to early termi
nation [89,143], yet SPT5 is critical in maintaining 
the stability of paused Pol II at enhancers [20]. 
Therefore, it is tempting to speculate that SPT5 
mediated RPB1 protein stabilization contributes to 
preserving paused Pol II for its ensuing release at 
enhancers, as it does at promoters [19,20]. 
Nonetheless, the regulation of pause release by 
SPT5 phosphorylation status at enhancers is 
poorly investigated. We surmise that the balance 
between P-TEFb and INTAC in modulating paus
ing and pause release, partially by controlling 
SPT5 phosphorylation as discussed above [76– 
78], is also in play at enhancers as promoters do, 
because PAF1-dependent INTAC recruitment at 
enhancers prevents the release of paused Pol II 
and eRNA accumulation [54,56,58]. In addition 
to the INTAC phosphatase module, the RNA 
endonuclease activity in the Integrator module of 
INTAC could additionally promote termination to 
suppress enhancer transcription [58,143,144].

Numerous studies have reported the regulatory 
role of eRNAs in activating target genes [145–147]. 
For instance, eRNAs could interact with NELF to 
facilitate its eviction, and thus promote the release 
of paused Pol II from promotor-proximal regions 
[148,149], in accordance with the increased paused

Pol II release upon enhancer activation [56]. This 
suggests that there are at least two layers of gene 
transcriptional control by SPT5: one is through its 
direct association with Pol II at promoters and 
gene bodies, and the other is through indirectly 
influencing target genes by modulating activation 
of their corresponding enhancers.

The presence of H3K27ac and nascent tran
scription have been used to distinguish active 
enhancers from inactive ones [139,146,150]. 
SPT5 depletion results in decreased H3K27ac 
levels on a subset of initially highly transcribed 
enhancers [20,80], possibly due to reduced pro
duction of eRNAs, which can stimulate the his
tone acetyltransferase activity of CBP [151]. 
Moreover, active enhancers generally harbor 
accessible chromatin structures to expose specific 
sequence motifs that are recognized by DNA- 
binding transcription factors that boost transcrip
tion. Therefore, the maintenance of enhancer 
accessibility and transcription activity requires 
continuous chromatin remodeling [152,153]. 
However, less is known about how transcription 
regulators, including SPT5, influence chromatin 
accessibility and landscape. Rapid SPT5 depletion 
results in decreased chromatin accessibility for 
a group of enhancers, which exhibit a reduction 
in SWI/SNF occupancy [20]. This can be 
explained by the physical association and thus 
recruitment to chromatin of SWI/SNF by SPT5. 
However, alterations in chromatin accessibility are 
not correlated or coupled with the transcription 
changes at enhancers upon SPT5 loss, suggesting 
that SPT5 might have independent roles in mod
ulating enhancer chromatin and transcription 
[20]. Future studies are warranted to interrogate 
details of the underlying mechanisms.

Remaining questions

How to delineate the general and gene-specific func
tions of SPT5? Strategies combining near-complete 
SPT5 depletion and spike-in normalized nascent 
transcriptome profiling reveal that SPT5 is crucial 
for the transcriptional activation of most if not all 
protein-coding genes in Drosophila and human cells 
[20,89]. Yet studies also indicate that a group of 
genes related to development, hematopoietic stem
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cell formation, and erythropoiesis seem more sus
ceptible to the perturbation of SPT5 in zebrafish and 
Drosophila [154–157]. Future studies employing 
more efficient SPT5 depletion and calibrated sequen
cing techniques in specific biological contexts would 
help reconcile the inconsistency and explain the 
differential susceptibility of SPT5 target genes.

What are the mechanisms of SPT5 mediated 
enhancer activation, and how does it contribute 
to protein-coding gene transcription? Compared 
to our understanding of SPT5 functions on pro
tein-coding genes, much less attention has been 
paid to the elucidation of SPT5-mediated enhan
cer regulation. For example, it is unclear whether 
SPT5 function (or lack of its function) is related to 
the higher termination frequency and lower elon
gation capacity at enhancers relative to promo
ters. Also, we are uncertain as to what extent 
SPT5 contributes to the shape of the chromatin 
landscape at enhancers. Moreover, it would be 
interesting to dissect how SPT5-mediated enhan
cer activation cooperates with its direct roles in 
pausing and elongation of the corresponding 
genes.

How to correlate SPT5 function in transcription 
to developmental and disease processes? Likely 
because SPT5 is an essential protein implicated in 
various steps of transcription, studies trying to 
unravel the biological significance of SPT5 in spe
cific contexts, and how each SPT5-regulated tran
scriptional step relates to its biological functions, 
are lacking. However, with our deepened mechan
istic understanding of SPT5 function in transcrip
tion and improved capability to decouple its roles 
in different transcription steps, it is now possible 
to conduct more systematic investigations to inter
rogate SPT5 functions in varying physiological or 
pathological processes, ideally using more 
advanced model systems with transgenic 
approaches.

What is the role of SPT5 in RNA Polymerase 
I (Pol I) transcription? As a multifaceted transcrip
tional factor, SPT5 is also required for efficient Pol 
I transcription and ribosomal RNAs synthesis 
[158]. SPT5 interacts with Pol I directly [158,159] 
and regulates Pol I activity positively and nega
tively [160]. Other SPT5 binding factors that are 
involved in Pol II transcription might also regulate 
Pol I transcription. For example, PAF1C, which

plays an important role in promoting Pol II tran
scription, may be recruited to ribosomal DNA 
through its interaction with SPT5 to stimulate 
Pol I elongation [161,162]. Given that SPT5 has 
multiple critical roles in the control of Pol 
I transcription, it would be interesting to utilize 
advanced approaches to dissect its direct functions 
at the molecular level.
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