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Abstract
RNA polymerase II (Pol II) transcription is regulated by many
elongation factors. Among these factors, TFIIF, PAF-RTF1,
ELL and Elongin stimulate mRNA chain elongation by Pol II.
Cryo-EM structures of Pol II complexes with these elongation
factors now reveal some general principles on how elongation
factors bind Pol II and how they stimulate transcription. All four
elongation factors contact Pol II at domains external 2 and
protrusion, whereas TFIIF and ELL additionally bind the Pol II
lobe. All factors apparently stabilize cleft-flanking elements,
whereas RTF1 and Elongin additionally approach the active
site with a latch element and may influence catalysis or
translocation. Due to the shared binding sites on Pol II, factor
binding is mutually exclusive, and thus it remains to be studied
what determines which elongation factors bind at a certain
gene and under which condition.
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Introduction
Transcription is the first step in gene expression and
underlies development and cell function. Misregulation
of transcription is related to cancerous cell growth and
disease [1e3]. Therefore, interfering with the regula-

tion of transcription has therapeutical potential [4].
Transcription of mRNAs is carried out by RNA poly-
merase II (Pol II) and regulated during initiation,
www.sciencedirect.com
elongation and termination, which require initiation,
elongation and termination factors [5]. During initia-
tion, Pol II and general transcription factors assemble on
promoter DNA, forming a preinitiation complex,
followed by DNA opening and initial RNA synthesis,
resulting in an initial transcribing complex (ITC), as
reviewed in Refs. [5,6]. Pol II then escapes from the
promoter and forms a stable elongation complex.

Before entering productive elongation, metazoan Pol II
often pauses downstream of the transcription start site,
termed promoter-proximal pausing [7]. DRB sensitivity
inducing factor (DSIF) and negative elongation factor
(NELF) bind to paused Pol II [7], forming a paused
elongation complex (PEC) [8] (Figure 1a). Release of
Pol II to active elongation requires binding of the PAF1
complex (PAF), SPT6 and the kinase activity of positive
elongation factor b (P-TEFb, consisting of Cyclin-
dependent Kinase 9 and Cyclin T1/T2), forming an

active elongation complex (EC*) [9,10] (Figure 1b).
Alternatively, paused Pol II could be bound by the
Integrator complex, which sterically prevents PAF and
SPT6 binding, cleaves RNA and leads to pre-mature
termination [11e15] (Figure 1c).

During productive elongation, Pol II translocates on
DNA and pauses transiently. Pol II sometimes also
backtracks and arrests [16,17]. Various elongation fac-
tors are required for elongation, as reviewed in Ref. [18].
One class of factors directly regulates the elongation

activity of Pol II, including TFIIS [18,19], TFIIF
[19,20], eleven-nineteen lysine-rich leukemia (ELL)
[21,22] and Elongin [23,24] (Figure 1b, d). TFIIS
stimulates the endonucleic activity of Pol II (Figure 1d).
TFIIF, ELL and Elongin stimulate Pol II elongation by
repressing transient pausing [25] (Figure 1b). Addi-
tionally, the PAF subunit RTF1 also stimulates Pol II
elongation [10,26]. Another class of elongation factors
influences elongation by altering chromatin, and these
include chromatin remodeling enzymes and the histone
chaperones SPT6 and FACT [18].

Recent advances in cryo-electron microscopy (Cryo-
EM) enabled the determination of many new structures
of Pol II elongation complexes [10,27,28]. Here, we
compare elongation factors that directly regulate the
elongation activity of Pol II. We discuss the structural
similarities and differences of these elongation
Current Opinion in Structural Biology 2024, 84:102766
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Figure 1

Overview of elongation complexes at different states (front view) a. Structure of the paused elongation complex (PEC). The structure of the
mammalian PEC (PDB: 6GML) [8] is shown as surface representation. Elongation factors DSIF, NELF and the DNA-RNA scaffold are shown as cartoon
representations and colored as indicated in figure. b. Structures of active elongation complexes. The structures of the EC* complex (Pol II-DSIF-PAF-
SPT6, PDB: 6TED [10]), the Pol II-DSIF-ELL2-EAF1 complex (PDB: 7OKY [41]) and the Pol II-SPT6-Elongin complex (PDB: 8OF0, [28]) are shown as
surface representation. Elongation factors are colored as indicated in figure. c. Structure of the PEC-integrator complex. The structure of PEC-
Integrator (PDB: 7PKS) [11] is shown as surface representation and colored as indicated in figure. d. Structures of backtracked Pol II and rescued Pol
II at intermediate state. The structures of yeast Pol II at backtracked (PDB: 3PO2) and rescued state (PDB: 3PO3) are shown to represent the function of
TFIIS in rescuing Pol II [17].
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complexes, and the implications for understanding the
mechanism of elongation regulation.

Regulation of Pol II elongation by the PAF complex
Human PAF consists of PAF1, LEO1, CTR9, CDC73,
WDR61 and RTF1 [1,9]. RTF1 was shown to stimulate
Pol II transcription in nuclear extracts [26]. Cryo-EM
structures of the Pol II-DSIF-SPT6-PAF complexes
showed that PAF has at least two functions in vitro. First,
it promotes the release of Pol II from the paused elon-
gation complex by competing with NELF for Pol II

binding at Pol II foot domain [9]. Second, PAF-RTF1
directly stimulates the activity of Pol II and the
Current Opinion in Structural Biology 2024, 84:102766
presence of PAF and a RTF1 ‘latch’ element is required
for the stimulation [10].

In the structure, the PAF1-LEO1 subcomplex contacts
Pol II external 2 and protrusion domains via a TFIIF-
like triple b-barrel structure (dimerization domain)
and a LEO1 C-terminal extension, respectively
(Figure 2a, b). RTF1 further locks PAF1-LEO1 onto

the Pol II surface and extends the RTF1 ‘latch’ to a
groove formed by the Pol II funnel helices and the
bridge helix [10] (Figure 2c). This region is also the
binding site for a loop insertion in yeast Pol II Rpb2
(Figure 2c). Interestingly, the transcription elongation
www.sciencedirect.com
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Figure 2

Structures of the initial transcribing complex (ITC) and active elongation complexes. a. Overview of the structures of ITC and active elongation
complexes (back-top view). From left to right, the complexes are ITC (PDB: 5IYD) [52], Pol II-DSIF-PAF-SPT6 (PDB: 6TED [10]), Pol II-DSIF-ELL2-
EAF1 (PDB: 7OKY [41]) and Pol II-SPT6-Elongin (PDB: 8OF0, [28]). The structures are shown as surface representation and shown side by side, so that
the position of the complexes on Pol II can be compared. The color code of the factors is indicated in figure. b. Interaction between elongation factors
and Pol II lobe, external 2 and protrusion domains (closeup view). The elongation factors are shown as cartoon presentations. Pol II is shown as
surface presentation. Pol II lobe, external 2 and protrusion domains are colored in pale yellow, forest green and bright orange, respectively as indicated in
the figure. The color code of the elongation factors is the same as that in panel a. RTF1 in the EC* complex is omitted for clarity. c. Interaction between
RTF1, Elongin and Pol II funnel helices. Left panel, superposition of the Pol II-DSIF-PAF-SPT6 (PDB: 6TED [10]), Pol II-SPT6-Elongin (PDB: 8OF0,
[28]) and yeast Pol II (PDB: 3PO3 [17]). Middle left panel, interaction between RTF1 latch and Pol II funnel helices. Middle right panel, interaction between
yeast Pol II Rpb2 loop insertion and funnel helices. Right panel, interaction between ELOA latch and Pol II funnel helices. For clarity, only the yeast Rpb2
loop insertion, the RTF1 latch, the ELOA latch, the funnel helices and the bridge helix are shown in the panels. Other Pol II elements are omitted.
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rate of yeast Pol II is about 5 times faster than
mammalian Pol II [29]. The presence of the RTF1
latch may allosterically regulate the activity of Pol II by
changing the dynamics of the bridge helix, a mobile
element of the Pol II active center [10].
www.sciencedirect.com
Regulation of Pol II elongation by ELL
ELL and its paralog ELL2 were discovered as elongation
factors in the 1990s [21,30], followed by the discovery of

the associated factors ELL associated factor (EAF)1 and
EAF2 [31,32], which enhance the elongation activity of
Current Opinion in Structural Biology 2024, 84:102766
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ELL/ELL2 [33]. In 2010, it was shown that ELL-EAF
belongs to a multi-subunit complex, termed the super-
elongation complex (SEC) [3,34,35] or Tatcom1 [36],
which additionally contains the protein kinase complex
P-TEFb (CDK9 and Cyclin T1/T2), ALL1-fused gene
from chromosome 9 (AF9) or eleven nineteen leukemia
(ENL) and a scaffold protein AF4/FMR2 family
member 4 (AFF4) or its paralog AFF1. In 2011, ELL-

EAF was identified as part of another complex, the
little elongation complex (LEC), which additionally
contains ICE (interacts with the C terminus of ELL) 1,
ICE2, ZC3H8 and USPL1, but not P-TEFb [37e39].

The super elongation complex promotes the release of
promoter-proximal paused Pol II by delivering P-TEFb
[1,9] and also stimulates transcription elongation via its
ELL-EAF subcomplex in vitro [21,29,31,33]. It regulates
elongation of genes that encode heat shock and other
stress response molecules, developmental regulators

and enhancer RNAs [18]. The little elongation complex
regulates the transcription cycle of snRNAs and snoR-
NAs [18,40]. Despite the importance of SEC and LEC
in transcription regulation, how SEC and LEC interact
with Pol II and stimulate elongation was unclear.

The recent cryo-EM structure of the Pol II-ELL2-EAF1
complex partially provides an answer to this question
[41]. In this structure, ELL2-EAF1 binds to the Pol II
lobe, external 2 and protrusion domains via their N-
terminal dimerization domains, an ELL2 helix and a

linker extension (Figure 2a, b). The ELL2-EAF1
dimerization domains fold into TFIIF-like triple b-
barrel structure and occupy the same binding site as
TFIIF (Figure 2b, 3a, b). Biochemical assays further
show that the ELL2 protrusion-interacting linker is
required for the elongation stimulation activity of ELL2.
Structural analysis shows that binding of ELL2-EAF1
induces conformational change at Pol II lobe domain,
resulting in a narrower DNA cleft (Figure 3c). We pro-
pose that the binding of ELL2-EAF1 complex alloste-
rically stimulates transcription elongation. This study
indicates that SEC could bind to Pol II via the ELL-EAF

subcomplex and exert its function. As LEC also contains
the ELL-EAF subcomplex, it is likely that LEC could
bind to Pol II via ELL-EAF as well, although it is not
clear whether other subunits of LEC also interact with
Pol II. However, considering that SEC and LEC regulate
different genes, additional mechanism must exist that
render them gene-specific. Future structural studies
involving more subunits and binding partners of LEC
and SEC can provide further insights.

Regulation of Pol II elongation by Elongin
Elongin was discovered as an elongation factor [23,24]
consisting of subunits Elongin A (ELOA), Elongin B

(ELOB) and Elongin C (ELOC) [23]. ELOA directly
stimulates Pol II elongation in vitro [42]. ELOB is a
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ubiquitin-like protein and ELOC resembles the SCF
ubiquitin ligase subunit Skp1 [23,42]. The ELOB-
ELOC complex binds to the BC-box motif of ELOA
and enhances the activity of ELOA [23,42]. Although
the elongation stimulation activity of Elongin was
dissected biochemically [18], the molecular basis for
this activity was revealed only recently, by the cryo-EM
structure of the Pol II-SPT6-Elongin complex [28].

In the Pol II-SPT6-Elongin structure, Elongin interacts
with the Pol II domains external 2 and protrusion via the
helix a5 of the ELOA superfamily domain and an ELOA
C-terminal linker, respectively (Figure 2a, b). Addi-
tionally, an ELOA ‘latch’ element binds near the Pol II
funnel helices, in the same region as that of the RTF1
latch and the yeast Rpb2 insertion (Figure 2c).
Biochemical assays show that the ELOA latch and C-
terminal linker are required for the elongation stimula-
tion activity of ELOA. Importantly, binding of Elongin

induces a conformational change at the Pol II funnel
helices and the ELOA latch is required for this confor-
mational change (Figure 3d). We propose that Elongin
allosterically regulates Pol II activity, probably by pro-
moting translocation or stabilizing Pol II at a more
active conformation.

Elongin also interacts with the Cullin-RING E3 ubiq-
uitin ligase CUL5-RBX2 complex, forming a pentameric
ubiquitin ligase complex, under oxidative or other
stresses or upon UV irradiation [18,43,44]. This

pentameric Elongin complex promotes degradation of
the RPB1 subunit of stalled Pol II [45,46]. The struc-
ture of the Pol II in complex with trimeric Elongin in-
dicates that the 5-subunit Elongin could bind to Pol II
via ELOA. However, whether there is an additional
contact between Pol II and the 5-subunit Elongin
ubiquitin ligase is unknown. How the 5-subunit Elongin
ubiquitylates Pol II also remains to be investigated.

General mechanisms for elongation stimulation
Comparison of the structures of Pol II in complex with
PAF-RTF1, Elongin, ELL-EAF and TFIIF reveals a
general mechanism that regulates transcription elonga-
tion. It appears that at least three tethering sites be-

tween elongation factors and Pol II are required for their
stimulatory transcription elongation activity. Pol II pro-
trusion and external 2 domains are the two common
binding sites for these elongation factors. The third
binding site is at the Pol II lobe or funnel helices, which
varies depending on the factors (Figure 3a, b). First,
TFIIF, PAF1-LEO1, ELL-EAF and Elongin bind to the
external 2 domain of Pol II RPB2. Second, a C-terminal
linker interacts with the protrusion domain of Pol II.
Third, RTF1 and Elongin, but not TFIIFand ELL-EAF,
contain a latch that interacts with the funnel helices of

Pol II. On the other hand, TFIIF and ELL-EAF contain
a triple b-barrel structure that interacts with Pol II lobe
www.sciencedirect.com
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Figure 3

Comparison of the binding sites of TFIIF, PAF, ELL and Elongin on Pol II and the Pol II conformations in the presence of PAF, ELL and Elongin. a.
Superposition of the elongation factors on Pol II surface. Clashes at Pol II lobe, external 2, protrusion and funnel helices are indicated. The color code is
indicated in the figure and used in panel a and b. TFIIF, ELL2-EAF1 and PAF1-LEO1 are colored in light pink, deep purple and orange, respectively. RTF1 and
ELOA are colored in violet and magenta, respectively. White circles indicate the overlapping regions on Pol II surface. Factors that are not within clashing
regions are omitted for clarity. b. The three binding sites of elongation factors on Pol II. The two common binding sites are labeled as 1 and 2. The third
variable binding sites are labeled as 3 and 3’. c. Comparison of Pol II conformation at Pol II lobe region. The structures of the elongation complexes (Pol II
is colored as indicated in panel a. Elongation factors are in various colors.) are superposed onto the active site domain of Pol II elongation complex (PDB:
5FLM, in darker grey). The Pol II lobe and protrusion domains are shown in closeup view. The elongation complexes are Pol II-DSIF-PAF-SPT6 (PDB: 6TED
[10]), Pol II-DSIF-ELL2-EAF1 (PDB: 7OKY [41]) and Pol II-SPT6-Elongin (PDB: 8OF0, [28]) from left to right. d. Comparison of Pol II conformation at the
funnel helices. The region near funnel helices of the superposed complexes in panel c are shown in closeup view.

Regulation of transcription by elongation factors Chen and Cramer 5
domain. The three tethering sites potentially synergize
to stabilize an active Pol II conformation.

The conformational changes in Pol II upon binding of
elongation factors are different, depending on the
www.sciencedirect.com
elongation factors bound (Figure 3c, d). In the case of
ELL2-EAF1, the Pol II lobe domain moves towards the
DNA cleft, forming a more compact cleft (Figure 3c, d,

middle panel). In the case of Elongin, the funnel helices
move towards the trigger loop, which might promote
Current Opinion in Structural Biology 2024, 84:102766
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translocation or changing the dynamics of Pol II
conformation (Figure 3c, d, right panel). Notably, no
conformational change was observed in the presence of
PAF-RTF1, likely due to high flexibility of the interac-
tion (Figure 3c, d, left panel). Whether TFIIF binding
induces conformational change in Pol II remains unclear.
In summary, the elongation factors seem to stimulate Pol
II transcription by inducing conformational changes and

stabilizing Pol II in a more active conformation.

Factor exchange during the transition from initiation
to elongation
The exact mechanism for the transition from initiation
to elongation is not entirely clear. Possible mechanisms
are replacement of TFIIB by extending RNA at a certain
length and competition between initiation factors and
elongation factors for Pol II binding, based on structural
comparisons between initiation complexes and the
paused elongation complex [6]. Unlike other initiation
factors, TFIIF may associate with early elongating Pol II
and function as an elongation factor [18]. The overlap
between the binding site of PAF, ELL and Elongin, and

TFIIF on Pol II indicates that these factors cannot bind
Pol II simultaneously (Figure 3a). This suggests that
replacement of TFIIF by these elongation factors con-
tributes to the transition from initiation to elongation.
What determines which factor replaces TFIIF for a
certain gene is unclear. PAF, Elongin and SEC appear to
have distinct functions in vivo [18], indicating that they
could regulate different sets of genes. The mechanism
underlying the target selection of the elongation factors
is of interest for future studies.
Figure 4

ELL and Elongin are compatible with TFIIS binding on Pol II surface. a. S
and the Pol II-DSIF-SPT6-PAF-TFIIS-nucleosome structure (PDB: 7UND)
7OKY is shown as surface representation. b. Superposition of the Pol II-SPT
structure (PDB: 7UND) [49]. The color code of the structures is indicated in

Current Opinion in Structural Biology 2024, 84:102766
The PAF1-LEO1 in the EC* complex was shown to
compete with the INTS1 subunit of Integrator [11].
Similarly, TFIIF, ELL-EAF and Elongin also clash with
Integrator at the external 2 and protrusion domains.
This suggests that they could also prevent pre-mature
termination during processive elongation. What is
intriguing is that LEC, which contains ELL-EAF as a
subcomplex, recruits the Integrator complex to snRNAs

[39]. How the two factors may co-exist in one complex
requires further investigation.

Repression of TFIIS-stimulated cleavage of non-
arrested Pol II transcripts by TFIIF, Elongin and ELL
TFIIS is the first elongation factor identified and in-
creases the Pol II elongation rate [47]. During elonga-
tion, Pol II translocates and sometimes backtracks.
Extensive backtracking leads to arrest of Pol II and
extrusion of the 30-end of the RNA into a pore beneath
the active site [48]. TFIIS rescues backtracked Pol II by
stimulating the endonuclease activity of Pol II [18].
After cleavage, the 30-end of RNA is re-aligned in the
active site [17].

Elongation factors TFIIF, ELL and Elongin were shown
to repress transient pausing and TFIIS stimulated
cleavage of transiently paused but not stalled Pol II
transcripts [25]. However, it is unclear whether elon-
gation factors counteract the activity of TFIIS by
competitive binding to Pol II or by changing the acces-
sibility of TFIIS to 30-end of the RNA transcript. As
revealed by the structure of the Pol II-DSIF-PAF-SPT6-
TFIIS-nucleosome structure [48], PAF and TFIIS bind
uperposition of the Pol II-DSIF-ELL-EAF1 structure (PDB: 7OKY) [41]
[49]. The color code of the structures is indicated in the figure. Pol II from
6-Elongin structure and the Pol II-DSIF-SPT6-PAF-TFIIS-nucleosome
the figure. Pol II from 8OF0 is shown as surface representation.

www.sciencedirect.com
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to Pol II simultaneously. Superposing the structures of
the elongation complexes containing TFIIF, ELL2-
EAF1 or Elongin onto the TFIIS containing Pol II
elongation complexes also showed no physical clash
between these elongation factors and TFIIS (Figure 4a,
b). This may suggest that TFIIF, ELL and Elongin
might change the accessibility of the 30-end of the RNA
for TFIIS.

Conclusions and future research directions
In summary, cryo-EM analysis enabled the determina-
tion of many structures of Pol II elongation complexes
with bound elongation factors. This greatly increased
our understanding of the regulation of transcription
elongation. However, the new results also raise new
questions. First, how do elongation factors cooperate
with each other? Despite the overlapping binding site

on the Pol II surface, Elongin was shown to interact
with PAF and the Integrator complex [50,51] and LEC
interacts with Integrator subunits [40]. There seems to
be an intricate functional network among elongation
factors in vivo. Dissecting this interaction network
structurally will advance our understanding of elonga-
tion regulation. Second, how do SEC, LEC and Elongin
define their target elongation complexes? PAF seems to
be a general elongation factor for pause release, but
Elongin also functions in pause release. SEC and LEC
share the same ELL-EAF interface with Pol II, but they

regulate different sets of genes. It would be interesting
to study how additional factors facilitate elongation
factor recruitment. Third, how does the 5-subunit
Elongin ubiquitin ligase ubiquitylate Pol II? Elongin
and the 5-subunit Elongin ubiquitin ligase share the
same ELOA-Pol II interaction interface, however, their
functions differ. What is the mechanism that induces
the switch of Elongin function from an elongation
factor to a ubiquitin ligase? Fourth, how do SEC, LEC
and Elongin function in the context of chromatin and in
response to cellular signals and stress? Answering these

questions would advance our understanding of tran-
scription regulation.
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