
UC San Diego
UC San Diego Previously Published Works

Title
Strand-specific effect of Rad26 and TFIIS in rescuing transcriptional arrest by CAG 
trinucleotide repeat slip-outs.

Permalink
https://escholarship.org/uc/item/2rg7r4dn

Journal
Nucleic Acids Research, 49(13)

Authors
Xu, Jun
Chong, Jenny
Wang, Dong

Publication Date
2021-07-21

DOI
10.1093/nar/gkab573

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2rg7r4dn
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


7618–7627 Nucleic Acids Research, 2021, Vol. 49, No. 13 Published online 1 July 2021
https://doi.org/10.1093/nar/gkab573

Strand-specific effect of Rad26 and TFIIS in rescuing
transcriptional arrest by CAG trinucleotide repeat
slip-outs
Jun Xu1, Jenny Chong1 and Dong Wang 1,2,3,*

1Division of Pharmaceutical Sciences, Skaggs School of Pharmacy & Pharmaceutical Sciences; University of
California, San Diego, La Jolla, CA 92093, USA, 2Department of Cellular and Molecular Medicine, University of
California, San Diego, La Jolla, CA 92093, USA and 3Department of Chemistry and Biochemistry, University of
California, San Diego, La Jolla, CA 92093, USA

Received May 07, 2021; Revised June 08, 2021; Editorial Decision June 15, 2021; Accepted June 21, 2021

ABSTRACT

Transcription induced CAG repeat instability is asso-
ciated with fatal neurological disorders. Genetic ap-
proaches found transcription-coupled nucleotide ex-
cision repair (TC-NER) factor CSB protein and TFIIS
play critical roles in modulating the repeat stabil-
ity. Here, we took advantage of an in vitro reconsti-
tuted yeast transcription system to investigate the
underlying mechanism of RNA polymerase II (Pol
II) transcriptional pausing/stalling by CAG slip-out
structures and the functions of TFIIS and Rad26, the
yeast ortholog of CSB, in modulating transcriptional
arrest. We identified length-dependent and strand-
specific mechanisms that account for CAG slip-out
induced transcriptional arrest. We found substantial
R-loop formation for the distal transcriptional paus-
ing induced by template strand (TS) slip-out, but not
non-template strand (NTS) slip-out. In contrast, Pol II
backtracking was observed at the proximal transcrip-
tional pausing sites induced by both NTS and TS slip-
out blockage. Strikingly, we revealed that Rad26 and
TFIIS can stimulate bypass of NTS CAG slip-out, but
not TS slip-out induced distal pausing. Our biochem-
ical results provide new insights into understanding
the mechanism of CAG slip-out induced transcrip-
tional pausing and functions of transcription fac-
tors in modulating transcription-coupled CAG repeat
instability, which may pave the way for developing
potential strategies for the treatment of repeat se-
quence associated human diseases.

INTRODUCTION

Genomic instability of ubiquitous simple sequence repeats,
such as trinucleotide repeat expansion and contraction, is

associated with >50 genetic disorders in humans (1,2). In
particular, CAG trinucleotide repeat expansion beyond a
pathological threshold is linked to over ten neurodegenera-
tive disorders, such as Huntington’s disease, myotonic dys-
trophy, and several kinds of spinocerebellar ataxias (3). In
general, longer repeat expansions lead to earlier onset and
greater severity of the diseases, suggesting a common ele-
ment to the repeat instability mechanism (4,5).

Trinucleotide DNA repeats have been shown to form
slipped-strand, non-B-form secondary structures (slip-out),
in which the complementary DNA strands display an out-
of-register alignment (6). CAG repeats have been shown
to form stable slip-out structures containing mismatched
hairpins both biochemically (7,8) and structurally (6), and
these slip-out structures are believed to be the critical muta-
genic intermediates during CAG repeat instability (2,9,10).
In support of this notion, the propensity of the repeat DNA
to form secondary structures is strongly correlated with
the probability of repeat instability during DNA replication
(11,12), repair (13–16), and transcription (17,18).

Several lines of evidence support that transcription plays
a critical role in CAG repeat instability. First, CAG re-
peat length heterogeneity in non-dividing neural tissues
increases with the age of the patient, indicating that so-
matic repeat instability could occur in the absence of DNA
replication (19,20). Second, increased transcription level
promotes CAG repeat instability in Escherichia coli (21),
yeast (22) and human cells (17,23). Third, naphthyridine-
azaquinolone (NA), a small compound that specifically
binds slipped-CAG DNA, induced repeat instability is in-
dependent of proliferation/ replication, yet dependent on
transcription through the repeat (24). Lastly, deletions of
transcription elongation and repair factors, such as CSB,
significantly alter the triplet repeat stability (17,25,26).

Transcription of the CAG-repeat sequences promotes
the formation of slip-out DNA structures, and these slip-
out structures have been shown to induce Pol II pausing
through an under-characterized mechanism (27,28). The
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number of CAG repeat is strongly correlated with disease
progression, in which a higher CAG repeat number is in-
dicative of a more severe and earlier onset of disease symp-
toms (4). Thus, studying how different lengths of CAG re-
peat slip-outs affect transcription elongation is of great in-
terest to understand the relationship between repeat num-
ber and disease progression.

Transcription elongation is a tightly regulated pro-
cess and transcriptional arrest triggers the transcription-
coupled nucleotide excision repair (TC-NER) pathway to
removes transcription-blocking DNA lesions (29–31). In-
triguingly, a variety of transcription elongation factors have
dual roles in facilitating Pol II transcription elongation
through the genome (32) and regulating TC-NER. CSB and
its yeast ortholog Rad26 are SWI2/SNF2 family ATPases
that play critical roles in transcription elongation and TC-
NER (33), and they are the first proteins to be recruited
to DNA damage-stalled Pol II during TC-NER(34). Muta-
tions in the CSB gene have been shown to cause neurologi-
cal diseases (35). TFIIS is a transcription elongation factor
that stimulates backtracked transcript cleavage by the poly-
merase active site and resumes transcript elongation (36). It
promotes Pol II bypass of nucleosome barriers (37,38) and
several small DNA damage-induced Pol II pausing (39).

Although it has been proposed that the CAG slip-
out induced Pol II arrest may trigger TC-NER (27,40,41)
and CSB/Rad26 and TFIIS play an important role in
transcription-coupled CAG repeat instability in genetic
studies (17,25,42), several key questions remain elusive:
What is the mechanism of Pol II arrest by CAG slip-out?
What is the function of CSB/Rad26 and TFIIS in modulat-
ing how Pol II transcribes CAG slip-out templates? What
is the implication of the in vitro study results for the in vivo
repeat instability?

Here, we used an in vitro reconstituted system with puri-
fied proteins from budding yeast to address these questions.
First, we showed that CAG slip-out has a length-dependent
and strand-specific effect on Pol II transcription. The TS
slip-out structures lead to both proximal and distal tran-
scriptional pausing, whereas the NTS slip-out structures
only cause proximal transcriptional pausing. We found that
R-loop formation plays a specific role in distal pausing sites
of TS slip-out, but not in the proximal pausing sites of the
TS or NTS slip-out. In contrast, translocation blockage in-
duced backtracking that correlates with both NTS and TS
slip-out induced proximal pausing. Strikingly, we uncov-
ered strand-specific roles of Rad26 and TFIIS in modulat-
ing Pol II bypass of CAG slip-out transcriptional barriers.
Taken together, our biochemical data provide new mecha-
nistic insights to understand how slip-out structures induce
transcriptional arrest and the functions of Rad26/CSB and
TFIIS in modulating CAG repeat induced transcriptional
arrest and transcription-coupled CAG repeat instability.

MATERIALS AND METHODS

Protein expression and purification

Saccharomyces cerevisiae 10-subunit Pol II was purified es-
sentially as previously described (43). Briefly, Pol II with
protein A tag in the Rpb3 subunit was purified by an
IgG affinity column (GE Healthcare), followed by Hi-Trap

Heparin (GE Healthcare) and Mono Q anion exchange
chromatography columns (GE Healthcare). Recombinant
Rpb4/7 heterodimer was purified from Escherichia coli
by Ni-affinity chromatography, followed by gel filtration
as previously described (44). Overexpression and purifica-
tion of Rad26 were performed essentially as previously de-
scribed (34). Expression and purification of yeast TFIIS
were prepared as described (45). Recombinant Spt4/5 was
expressed and purified essentially as described (46). Expres-
sion and purification of yeast Elf1 were performed as previ-
ously described (47).

Generation of non-B form slip-out DNA templates

Preparation of the DNA templates were performed essen-
tially as previously described (48). Briefly, TS (template
strand) and NTS (non-template strand) were annealed in
10 mM Tris–HCl (pH 7.5) and 5 mM MgCl2 with an equal
molecular ratio of each complementary single-stranded
oligonucleotide for 10 min at 95◦C, followed by slow cooling
(15 h) to 23◦C and subsequent native PAGE purification.
Annealing of the oligonucleotide strands resulted in 9-nt
sticky ends for ligation to the downstream of the elongation
complex. The DNA/RNA sequences used in this study are
shown in Supplementary Table S1.

Generation of slip-out DNA containing elongation complex

Pol II elongation complex (EC10) was assembled essen-
tially as previously described (34). First, radiolabeled 10-
mer RNA was annealed to the template strand DNA, fol-
lowed by incubation with Pol II for 10 min at room tem-
perature (23◦C) and then 2 min at 37◦C. To this, biotin-
labeled non-template strand DNA was added and incu-
bated for 5 min at 37◦C, followed by 20 min at room tem-
perature (23◦C). The assembled elongation complex was in-
cubated with streptavidin magnetic beads (NEB) for 30 min
at room temperature (23◦C) and subsequently washed with
elongation buffer (EB) (20 mM Tris–HCl (pH 7.5), 5 mM
MgCl2, 40 mM KCl, 5 mM DTT). The immobilized elonga-
tion complex was ligated to the downstream slip-out DNA
and washed two times with EB buffer. Next, Rpb4/7 was
added to a final concentration of 5 �M and incubated for
10 min at 23◦C to generate 12-subunit elongation complex,
followed by washing three times with EB buffer to remove
excess Rpb4/7.

In vitro transcription assay

Transcription reaction was started by adding 1 mM rNTPs
(or specifically indicated in the figure legends) with an ad-
ditional 3 mM dATP to support Rad26 ATPase activity.
The concentration for Rad26 and TFIIS are 100 nM. Re-
actions were performed at 30◦C and allowed to continue
for the desired time point and then quenched by adding
an equal volume of stop buffer (90% formamide, 50 mM
EDTA, 0.05% xylene cyanol and 0.05% bromophenol blue).
Samples were denatured for 15 min at 95◦C in formamide
loading buffer, and the extended RNA was separated from
the unextended RNA by denaturing urea PAGE (6 M urea).
The gels were visualized by phosphorimaging and quanti-
fied using Imagelab software (Bio-Rad). All bands above



7620 Nucleic Acids Research, 2021, Vol. 49, No. 13

the ligation truncations (except the transcript from the lig-
ation truncation, labeled with asterisk) were used in quan-
tification. Bands beneath the run-off bands but above the
ligation truncation bands are grouped as ‘blockage bands’
for quantification. The percentage of bypass was calculated
as intensity of run off bands/total intensity above the liga-
tion truncation.

RESULTS

CAG slip-outs impair Pol II transcription elongation in a
length-dependent and strand-specific manner

We previously showed that B-form duplex and non-B form
slip-out of CTG•CAG repeat can cause Pol II pausing
in a very distinct manner (48). Strikingly, we found that
Spt4/5 is able to promote transcription bypass of B-form
CAG duplexes, but inhibits transcription from non-B slip-
outs (48). To further understand the underlying mechanism
of CAG slip-out induced transcriptional pausing/arrest,
we first investigated the effects of different lengths of pre-
formed CAG slip-out on the template strand (TS) or non-
template strand (NTS) on Pol II transcription elongation
using our defined system (Figure 1A). We found that CAG
repeat slip-outs impair Pol II transcription elongation in a
length-dependent and strand-specific manner. While Pol II
was able to efficiently bypass the controlled scaffolds with
no slip-out insertions (N = 0) and short slip-out (CAG)2
repeats and obtain run-off transcript (Figure 1B and C),
we observed multiple pausing sites when Pol II encounters
five or more CAG slip-outs on either TS or NTS. By con-
trast, Pol II was able to bypass the same length of ran-
dom DNA (Supplementary Figure S1). The amount and
strength of transcriptional pausing/stalling are well corre-
lated with the length of CAG repeats (Figure 1B and C). For
example, we observed almost 100% transcriptional pausing
induced by TS (CAG)5 template at 20 s, and most of these
transcriptional pausing transcripts can be further extended
with longer incubation time (10 min). In sharp contrast,
we observed persistent strong pausing on template strand
containing TS (CAG)20 and (CAG)40 slip-outs. This result
recapitulates the effect of CAG repeat expansion seen in
its associated patients (10,49). Run-off RNA products of-
ten contained several closely spaced bands, probably due
to either increased probability of spontaneous transcrip-
tion termination close to the end of substrates or template-
independent addition of nucleotides to the run-off tran-
script. Nevertheless, it does not affect the interpretation of
our results, and this heterogeneity is not caused by CAG
slip-outs, as it is also shown in the control template (N = 0).

The strength of CAG slip-outs induced transcriptional
pausing/stalling is strand-specific (Figure 1D–F). Overall,
the CAG slip-outs lead to much stronger transcriptional
pausing when they are located at the TS strand than at the
NTS strand. For example, with the same (CAG)40 slip-outs,
we observed over 90% of Pol II remain in persistent stalling
induced by the TS (CAG)40 slip-out structure (at 10-minute
time point), whereas we found most of Pol II slowly bypass
NTS (CAG)40 slip-out induced pausing and only 28% of Pol
II remain stalled after 10-minute incubation. The pattern
of CAG slip-out induced transcriptional pausing/stalling is
also strand-specific (Figure 1B and C), which is also distinct

from the transcriptional pausing induced by CTG•CAG
duplex (48). We observed that for TS-CAG slip-out induced
transcriptional pausing, the RNA transcripts at proximal
pausing (lower bands) can be slowly extended to the longer
RNA transcripts at distal stalling sites (upper bands) with
a feature of ladder-like consecutive bands over time (Sup-
plementary Figure S2). In contrast, the NTS-CAG slip-out
induced transcriptional pausing bands are two or three de-
fined bands that are separated by ∼5–10 nts and are rela-
tively stable (Figure 1B and C).

Pol II backtracking and R-loop formation correlate with dif-
ferent types of CAG induced transcriptional arrest

Most long-lived transcriptional pausing and arrests are
caused by RNA polymerase backtracking (50). TFIIS stim-
ulates the cleavage activity of Pol II and shortens the back-
tracked RNA transcript (34,36), but it cannot cleave RNA
transcripts when Pol II EC is in a post-translocation state.
We therefore used TFIIS as a probe to detect the translo-
cation states of Pol II EC and investigated whether the
Pol II ECs arrested by CAG slip-outs are backtracked. To
this end, (CAG)40 slip-out was chosen as the model sys-
tem (Figure 2A), because it is above the clinical threshold
that leads to repeat instability and pathogenesis and induces
strong pausing in our in vitro reconstituted system (Figure
1B, C) (5,51). As shown in Figure 2B, (CAG)40 slip-out in-
duced Pol II arrested complexes were generated by incubat-
ing rNTPs for 10 minutes, followed by the removal of unin-
corporated rNTPs (to avoid reincorporation of rNTPs af-
ter TFIIS cleavage), and low concentrations of TFIIS was
added to the system. We found that TFIIS shortens the tran-
scripts corresponding to proximal stalling bands induced by
TS slip-outs and almost all stalling bands induced by NTS
slip-outs (dashed lines, Figure 2B), indicating that Pol II
backtracking is a universal feature for these arrested com-
plexes when they encounter the CAG slip-outs regardless of
TS or NTS strand location.

Intriguingly, we noticed two major distal stalling bands
induced by TS slip-outs are resistant to TFIIS stimulated
cleavage (two black dots, Figure 2B), suggesting a distinct
type of stalled complexes that is not backtracked. This ob-
servation promoted us to consider an alternative mech-
anism that leads to Pol II pausing/stalling. Aside from
Pol II backtracking, extended RNA/DNA hybrid (R-loop)
formation can also lead to transcriptional pausing/arrest
(41,52,53). Note that R-loop formation and Pol II back-
tracking are two mechanistically-distinct, but not mutu-
ally exclusive, processes during transcription. Importantly,
previous studies suggested R-loop formation is involved in
transcription-coupled CAG repeat instability in yeast (22)
and human cells (54). An in vitro study with purified single-
subunit viral RNA polymerases (T3, T7 and SP6) iden-
tified transcription of CTG•CAG repeats induces R-loop
formation (54,55), and further processing of the R-loop
induces its instability (18). These results promoted us to
test whether R-loop was generated in our reconstituted Pol
II transcription system. We post-treated RNA transcripts
with RNase H, which specifically digests the RNA strand
in an RNA/DNA heteroduplex (Figure 2C). Intriguingly,
we found that transcripts from TS CAG slip-outs were
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Figure 1. CAG slip-out induces length-dependent and strand-specific transcriptional pausing by Pol II. (A) Scheme of Pol II EC with a TS and an NTS
CAG slip-out. (B) CAG slip-out on the TS strand blocks Pol II transcription elongation. (C) CAG slip-out on the NTS strand leads to Pol II transcriptional
pausing. Markers shown on the left are a MspI digest of pBR322 DNA plasmid. The expected run-off bands are labeled as RO in green. Ligation truncation
is indicated by asterisks. (D, E) Quantitative analysis of the time courses of CAG repeat induced Pol II arrest. The numbers of CAG repeat are shown at the
bottom. Time points are 0.3, 1, 3 and 10 min, respectively. (F) The CAG slip-out induced transcription blockage is strand-specific and length dependent.
The last time point (10 min) results from D and E are plotted. All data in this figure are obtained and quantified from three independent experiments
(means ± SEM, n = 3).

very sensitive to RNase H digestion, whereas the major-
ity of transcripts from NTS CAG slip-outs were resistant
to RNase H digestion and only a minimum of background
level of transcript can be digested by RNase H (Supplemen-
tary Figure S3). These results reveal that R-loop is pref-
erentially formed from the transcription of TS CAG slip-
outs versus NTS CAG slip-outs. Taken together, our exper-
iments revealed distinct and strand-specific Pol II arrest by
CAG slip-outs: strong and persistent distal Pol II arrest by
TS slip-out is featured by R-loops formation, whereas mod-
erate Pol II pausing by NTS slip-out or proximal pausing by
TS slip-out are featured by Pol II backtracking.

Rad26 promotes Pol II bypass of the NTS (CAG)40 but not
TS (CAG)40 slip-out

CSB promotes transcription elongation and is involved
in transcription-induced CAG repeat instability in genetic
studies (25). To further understand the functions of CSB in
modulating transcriptional arrest by CAG repeat slip-outs,
we assessed the effects of Rad26, the yeast ortholog of CSB,
on promoting transcriptional bypass of CAG slip-out struc-
tures (Figure 3).

First, we evaluated the effect of Rad26 on Pol II transcrip-
tional bypass of NTS (CAG)40 slip-out (Figure 3A). The ad-
dition of Rad26 greatly reduced transcriptional pausing at
the translocation blockage sites (positions 1, 2, 3) and sig-
nificantly increased the run-off product (Figure 3A). Strik-
ingly, in contrast to the strong effect of promoting Pol II

bypass of NTS (CAG)40 slip-out, the addition of Rad26 has
little effect on promoting Pol II bypass of the TS (CAG)40
slip-out (Figure 3B).

TFIIS promotes Pol II bypass of the NTS (CAG)40 but in-
hibits TS (CAG)40 slip-out bypass

TFIIS also has a dual role in transcription elongation and
transcription-induced CAG repeat instability (25). To fur-
ther evaluate the function and understand the underlying
mechanism, we assessed the effects of TFIIS on transcrip-
tion bypass of DNA slip-out structures (Figure 3). Interest-
ingly, TFIIS reduces both NTS and TS slip-outs induced
transcriptional pausing at the proximal pausing sites (posi-
tions 1, 2, 3) (Figure 3A, B). TFIIS significantly increases
the run-off product on the transcriptional bypass of NTS
(CAG)40 slip-out (Figure 3A). However, surprisingly, TFIIS
inhibits bypass of TS (CAG)40 slip-out and no run-off prod-
uct was observed in the presence of TFIIS (Figure 3B).

Rad26 and TFIIS overcome the inhibitory effect of Spt4/5
and Elf1

Our recent results show that the presence of transcription
elongation factors Spt4/5 and Elf1 greatly inhibits Pol II by-
pass of the slip-out structures induced translocation block-
age (48). To test whether Rad26 and TFIIS can overcome
the inhibitory effect of Spt4/5 and Elf1, we assessed the
roles of Rad26 and TFIIS in modulating the transcriptional
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arrest of Pol II-Spt4/5-Elf1 elongation complex induced by
CAG slip-outs (Figure 4). We found that both Rad26 and
TFIIS modulate the inhibitory effect of Spt4/5 and Elf1
on transcription processing of CAG slip-out template in a
strand-specific manner. Interestingly, we also observed the
inhibitory effect of Spt4/5 and Elf1 is strand-specific (Sup-
plementary Figure S4). For the NTS CAG slip-out tem-
plate, the Spt4/5-Elf1 complex has a much stronger in-
hibitory effect than that of TS slip-out. Intriguingly, both
Rad26 and TFIIS can effectively counteract the strong in-

hibitory effect of Spt4/5-Elf1 and significantly increase the
overall run-off product from the NTS CAG slip-out tem-
plate (Figure 4A). In particular, TFIIS dramatically re-
duced NTS CAG slip-out induced Pol II proximal paus-
ing at the translocation blockage sites (positions 1, 2, 3).
By contrast, for the TS CAG slip-out template, Rad26 and
TFIIS failed to increase the TS run-off product (Figure
4B), although Rad26 marginally and TFIIS prominently re-
duced proximal pausing translocation blockage at position-
2 (Figure 4B and Supplementary Figure S5).
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failed to promote Pol II bypass of the R-loop induced transcription pausing. All data in this figure were obtained and quantified from three independent
experiments (means ± SEM, n = 3, two-tailed Student’s t-test, *P < 0.05, **P < 0.01, NS, not significant).

DISCUSSION

Strand-specific molecular mechanisms of CAG-induced tran-
scriptional arrest

Transcription plays critical roles in CAG repeat instability,
especially in the non-dividing neuron cells. While transcrip-
tion itself does not change the DNA sequence, transcrip-
tional arrest causes the collisions of transcription machiner-
ies and replication machineries, and DNA repair processes
that lead to the repeat instability. Both CSB and TFIIS play
pivotal roles in modulating transcriptional pausing/arrest
induced by a variety of DNA lesions and nucleosome bar-
riers (34,56–58). However, the underlying mechanism of
CAG repeat induced Pol II transcriptional pausing/arrest
and the functions of CSB and TFIIS in the regulation of Pol

II transcriptional pausing remain elusive. Therefore, recon-
stituting a defined system for eukaryotic Pol II transcription
and analyzing the roles of individual transcription/repair
factors in Pol II pausing/processing of the CAG repeat is
imperative.

Here, we systematically studied the effect of slip-out
DNA structures on Pol II elongation using purified proteins
and DNA/RNA scaffold. We found the inhibitory effect of
CAG slip-out on transcription is length-specific and strand-
specific. We observed stronger transcriptional arrest with
CAG slip-outs containing longer CAG repeats. We found
that Pol II is able to efficiently bypass two CAG repeats but
pauses at multiple pausing sites when it encounters CAG
slip-outs containing five or more CAG repeats on either TS
or NTS. Importantly, we observed persistent strong paus-
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ing on TS (CAG)20 and (CAG)40 slip-out template which
recapitulates the effect of CAG repeat expansion seen in its
associated patients (10,49). With the same repeat number,
the CAG repeat slip-outs on TS have a stronger blocking
effect than the slip-outs on NTS. Further biochemical anal-
ysis revealed that while both NTS and TS slip-out induce
Pol II backtracking at the proximal pausing sites, the TS
slip-out preferentially promotes R-loop formation and in-
duces Pol II stalling at distal pausing sites. Indeed, when Pol
II slowly moves from the proximal pausing sites to the dis-
tal pausing sites, the imperfect hairpin of CAG slip-out re-
gion partially unwinds and serves as the template for RNA
extension (Supplementary Figure S2). The nascent RNA
can also readily form a stable extended RNA/DNA hy-
brid (R-loop) with newly exposed CAG repeat region. R-
loop is preferentially formed at TS CAG slip-out as there is
no complementary segment of non-template DNA to com-
pete off the RNA:DNA in this region (Supplementary Fig-
ure S2). Our finding that R-loop is preferentially formed
in the transcription of TS CAG slip-out at distal pausing
sites therefore provide mechanistic insights into the under-
standing of R-loop formation observed from previous stud-
ies (22,54,55,59).

Diverse roles of elongation factors in transcriptional process-
ing of CAG repeats

Transcription factors Rad26, TFIIS, and Spt4/5 have been
shown to promote Pol II transcription elongation on naked
DNA (34,47,60) or nucleosomal templates (38,61). Elf1 is
a transcription elongation factor (62) that works synergisti-
cally with Spt4/5 to promote transcription bypass of nucle-
osome (61) and plays an important role in TC-NER (31).
Our studies provide a comprehensive understanding of the
roles of these factors in modulating Pol II transcription of
CAG repeat slip-out.

Importantly and surprisingly, the effects of the transcrip-
tion factors on slip-out structures are factor-specific and
strand-specific. In this study, we showed that the effect of
Rad26 and TFIIS on slip-out induced Pol II transcriptional
arrest are strand-specific. Both Rad26 and TFIIS can pro-
mote Pol II bypass of NTS slip-out structures, but not TS
slip-out structures. We recently reported that elongation
factor Spt4/5 along with Elf1 strongly inhibit Pol II bypass
of both TS and NTS slip-outs structures, which is in sharp
contrast to their canonical roles in promoting Pol II elon-
gation processivity in naked B-form DNA duplex or nucle-
osome substrates (48). These findings also lead to an open
question: How is the CAG slip-out induced transcriptional
arrested Pol II-Spt4/5-Elf1 rescued? The Pol II binding sites
for Spt4/5 and Rad26 are largely overlapping (Supplemen-
tary Figure S6), indicating the binding of these factors are
mutually exclusive, and a possible role of Rad26 as an an-
tagonist of the repression of Pol II bypass of the CAG slip-
outs by Spt4/5 and Elf1 (Figure 5). Indeed, for the NTS
CAG slip-out template, we found that Rad26 and TFIIS
were able to overcome the inhibitory effect of Spt4/5 and
Elf1 on Pol II arrest at the proximal translocation block-
age sites (Figure 4). The rescue mechanisms of TFIIS and
Rad26 are different (band patterns indicated in Figure 4A).
Since Pol II is backtracked at the translocation blockage

sites (Figures 3) and cleaved in the presence of TFIIS (lower
bands observed near sites 1–3 in Figure 4A), we propose
the mechanism of TFIIS overcoming the inhibitory effect
of Spt4/5-Efl1 is through cleavage of the backtracked RNA
and reactivating the arrested Pol II to have a second chance
to bypass the barriers (Figure 5). In contrast, Rad26 binds
behind Pol II and promotes Pol II forward translocation
by its ATP-dependent DNA translocase activity. Sp4/5 is
displaced by Rad26 and therefore the inhibitory effect of
Spt4/5 is released (Figure 5) (34,56). For the TS CAG slip-
out template, in striking contrast, we observed that Rad26
and TFIIS failed to rescue these transcriptional arrest (Fig-
ure 4B). These strand-specific effects of Rad26 and TFIIS
in transcription processing of CAG slip-outs may have im-
plications in CAG fragility and instability (see discussion
below).

Implications of roles of Rad26/CSB and TFIIS for CAG
fragility and instability

Our biochemical results provide important insights into un-
derstanding the functions of the transcription factors in
transcription-coupled CAG repeat instability in vivo (Fig-
ure 5). A previous study reported that knockdown of CSB
and TFIIS reduces CAG repeat contraction in human cells
(25). Consistently, CSB knockout in mice leads to a signif-
icant increase in CAG repeat expansion and reduction in
contraction (26). Moreover, CSB has been shown to pro-
tect against CGG repeat expansion in another mice study
(63). Interestingly, deletion of Rad26 leads to a 2.4-fold in-
crease of (CAG)70 fragility (breakage) and a modest 2-fold
increase of contraction of (CAG)70 in budding yeast (22).
Altogether, these previous results indicate Rad26/CSB and
TFIIS play a protective role in CAG repeat expansion by
preventing repeat expansion and/or promoting repeat con-
traction. Here we uncovered that Rad26 and TFIIS facili-
tate Pol II bypass of CAG NTS slip-out structures. These
two factors have distinct mechanisms in promoting Pol II
bypass: Rad26/CSB facilitates Pol II forward transloca-
tion in an ATP-dependent manner, whereas TFIIS helps
the cleavage of backtracked transcripts and reactivate Pol II
complex into a new active state for transcription elongation.
Because repair of the NTS slip-out often results in repeat ex-
pansion (25,27), we speculate that Rad26/CSB and TFIIS
promote Pol II bypass of the NTS slip-out and reduce per-
sistent transcriptional arrest and subsequent genome insta-
bility and DNA repeat expansion. Therefore, Rad26/CSB
and TFIIS may prevent transcription-coupled genome in-
stability when there is an NTS CAG slip-out (Figure 5).

In this study, we also revealed that Rad26 and TFIIS are
unable to promote complete Pol II bypass of the long TS
(CAG)40 slip-out (Figure 4). Although they can facilitate
Pol II to bypass the proximal pausing induced by translo-
cation blockage (Figures 4 and 5), they are not able to res-
cue arrested Pol II from the R-loop induced distal pausing
in long TS CAG slip-out. This result also has important im-
plications in understanding the roles of Rad26 and TFIIS in
CAG repeat stability. By preventing Pol II pausing at prox-
imal pausing sites, Rad26 and TFIIS facilitate Pol II to run
further into the CAG repeat template. Therefore, for short
CAG repeat/slip-out, Rad26 and TFIIS can facilitate run-
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Figure 5. Model of the functions of CSB/Rad26, TFIIS, and Spt4/5-Elf1 in transcription-dependent CAG repeat instability. For NTS CAG slip-out,
Rad26 and TFIIS overcome the inhibitory effect of Spt4/5 and Elf1 on transcription bypass of NTS CAG slip-out induced translocation blockage and
result in repeat maintenance. For TS CAG slip-out, Rad26 and TFIIS overcome the inhibitory effect of Spt4/5 and Elf1 on transcription bypass of TS
CAG slip-out induced translocation blockage but are not able to facilitate Pol II bypass of the R-loop induced transcription pausing. If R-loop can be
resolved in a timely manner by RNase H or RNA helicases, repeat is maintained. Alternatively, persistent R-loop cause transcription-replication collision
and genome instability. Recruitment of repair factors often results in repeat instability.

off bypass. On the other hand, for long CAG repeat/slip-
out that they cannot help Pol II fully go through, Rad26
and TFIIS may promote the accumulation of long, stable R-
loops. If R-loop can be resolved in a timely manner, such as
by RNase H or RNA helicases, CAG repeat is maintained
(5,41,64,65). Alternatively, persistent R-loop can lead to
transcription-replication collision and genome instability
(5,41,64,65). Indeed, several TC-NER factors, including
CSB (human homolog of Rad26) and XPG, are reported to
be involved in R-loop processing (66–68). XPG excises R-
loop non-canonically to generate DSB and cause genome
instability (66–68). Interestingly, several previous studies
suggest that the transcription-coupled R-loop formation
causes CAG repeat instability (mostly contraction) that are
involved with NER and BER repair factors (22,25,59). We
predict that long, stable R-loop formation, promoted by
Rad26 and TFIIS, may subsequently trigger the repair of
TS CAG repeat and result in repeat contraction (Figure 5).
The precise transcription-coupled repair mechanism of TS
CAG-slip-out remains an open question and awaits further
studies in the future. Taken together, the mechanistic in-
sights provided by this work may ultimately point the way to
strategies for the modulation of repeat expansion and con-
traction that could be used for the treatment of repeat se-
quence associated human diseases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We are grateful to Dr Jianhua Fu for providing the Spt4/5
protein.

FUNDING

National Institutes of Health [R01 GM102362 to D.W.].
Funding for open access charge: NIH.
Conflict of interest statement. None declared.

REFERENCES
1. Richard,G.F., Kerrest,A. and Dujon,B. (2008) Comparative genomics

and molecular dynamics of DNA repeats in eukaryotes. Microbiol.
Mol. Biol. Rev., 72, 686–727.

2. Mirkin,S.M. (2007) Expandable DNA repeats and human disease.
Nature, 447, 932–940.

3. Hannan,A.J. (2018) Tandem repeats mediating genetic plasticity in
health and disease. Nat. Rev. Genet., 19, 286–298.

4. Lieberman,A.P., Shakkottai,V.G. and Albin,R.L. (2019)
Polyglutamine repeats in neurodegenerative diseases. Annu Rev
Pathol, 14, 1–27.

5. Khristich,A.N. and Mirkin,S.M. (2020) On the wrong DNA track:
molecular mechanisms of repeat-mediated genome instability. J. Biol.
Chem., 295, 4134–4170.

6. Gacy,A.M., Goellner,G., Juranic,N., Macura,S. and McMurray,C.T.
(1995) Trinucleotide repeats that expand in human disease form
hairpin structures in vitro. Cell, 81, 533–540.

7. Petruska,J., Arnheim,N. and Goodman,M.F. (1996) Stability of
intrastrand hairpin structures formed by the CAG/CTG class of
DNA triplet repeats associated with neurological diseases. Nucleic
Acids Res., 24, 1992–1998.

8. Pearson,C.E. and Sinden,R.R. (1996) Alternative structures in duplex
DNA formed within the trinucleotide repeats of the myotonic
dystrophy and fragile X loci. Biochemistry, 35, 5041–5053.

9. McMurray,C.T. (1999) DNA secondary structure: a common and
causative factor for expansion in human disease. Proc. Natl. Acad.
Sci. U.S.A., 96, 1823–1825.

10. McMurray,C.T. (2010) Mechanisms of trinucleotide repeat instability
during human development. Nat. Rev. Genet., 11, 786–799.

11. Kang,S., Jaworski,A., Ohshima,K. and Wells,R.D. (1995) Expansion
and deletion of Ctg repeats from human-disease genes are determined
by the direction of replication in Escherichia coli. Nat. Genet., 10,
213–218.

12. Cleary,J.D., Nichol,K., Wang,Y.H. and Pearson,C.E. (2002) Evidence
of cis-acting factors in replication-mediated trinucleotide repeat
instability in primate cells. Nat. Genet., 31, 37–46.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab573#supplementary-data


7626 Nucleic Acids Research, 2021, Vol. 49, No. 13

13. Guo,J., Gu,L., Leffak,M. and Li,G.M. (2016) MutSbeta promotes
trinucleotide repeat expansion by recruiting DNA polymerase beta to
nascent (CAG)n or (CTG)n hairpins for error-prone DNA synthesis.
Cell Res., 26, 775–786.

14. Lai,Y., Budworth,H., Beaver,J.M., Chan,N.L., Zhang,Z.,
McMurray,C.T. and Liu,Y. (2016) Crosstalk between MSH2-MSH3
and polbeta promotes trinucleotide repeat expansion during base
excision repair. Nat. Commun., 7, 12465.

15. Sundararajan,R., Gellon,L., Zunder,R.M. and Freudenreich,C.H.
(2010) Double-strand break repair pathways protect against
CAG/CTG repeat expansions, contractions and repeat-mediated
chromosomal fragility in Saccharomyces cerevisiae. Genetics, 184,
65–77.

16. Kovtun,I.V. and McMurray,C.T. (2001) Trinucleotide expansion in
haploid germ cells by gap repair. Nat. Genet., 27, 407–411.

17. Lin,Y., Dion,V. and Wilson,J.H. (2006) Transcription promotes
contraction of CAG repeat tracts in human cells. Nat. Struct. Mol.
Biol., 13, 179–180.

18. Reddy,K., Schmidt,M.H., Geist,J.M., Thakkar,N.P., Panigrahi,G.B.,
Wang,Y.H. and Pearson,C.E. (2014) Processing of double-R-loops in
(CAG).(CTG) and C9orf72 (GGGGCC).(GGCCCC) repeats causes
instability. Nucleic Acids Res., 42, 10473–10487.

19. Telenius,H., Kremer,B., Goldberg,Y.P., Theilmann,J., Andrew,S.E.,
Zeisler,J., Adam,S., Greenberg,C., Ives,E.J., Clarke,L.A. et al. (1994)
Somatic and gonadal mosaicism of the Huntington disease gene
CAG repeat in brain and sperm. Nat. Genet., 6, 409–414.

20. Chong,S.S., McCall,A.E., Cota,J., Subramony,S.H., Orr,H.T.,
Hughes,M.R. and Zoghbi,H.Y. (1995) Gametic and somatic
tissue-specific heterogeneity of the expanded SCA1 CAG repeat in
spinocerebellar ataxia type 1. Nat. Genet., 10, 344–350.

21. Bowater,R.P., Jaworski,A., Larson,J.E., Parniewski,P. and Wells,R.D.
(1997) Transcription increases the deletion frequency of long
CTG.CAG triplet repeats from plasmids in Escherichia coli. Nucleic
Acids Res., 25, 2861–2868.

22. Su,X.A. and Freudenreich,C.H. (2017) Cytosine deamination and
base excision repair cause R-loop-induced CAG repeat fragility and
instability in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U.S.A.,
114, E8392–E8401.

23. Goula,A.V., Stys,A., Chan,J.P., Trottier,Y., Festenstein,R. and
Merienne,K. (2012) Transcription elongation and tissue-specific
somatic CAG instability. PLoS Genet., 8, e1003051.

24. Nakamori,M., Panigrahi,G.B., Lanni,S., Gall-Duncan,T.,
Hayakawa,H., Tanaka,H., Luo,J., Otabe,T., Li,J., Sakata,A. et al.
(2020) A slipped-CAG DNA-binding small molecule induces
trinucleotide-repeat contractions in vivo. Nat. Genet., 52, 146–159.

25. Lin,Y. and Wilson,J.H. (2007) Transcription-induced CAG repeat
contraction in human cells is mediated in part by
transcription-coupled nucleotide excision repair. Mol. Cell. Biol., 27,
6209–6217.

26. Kovtun,I.V., Johnson,K.O. and McMurray,C.T. (2011) Cockayne
syndrome B protein antagonizes OGG1 in modulating CAG repeat
length in vivo. Aging (Albany NY), 3, 509–514.

27. Salinas-Rios,V., Belotserkovskii,B.P. and Hanawalt,P.C. (2011) DNA
slip-outs cause RNA polymerase II arrest in vitro: potential
implications for genetic instability. Nucleic Acids Res., 39, 7444–7454.

28. Burns,J.A., Chowdhury,M.A., Cartularo,L., Berens,C. and
Scicchitano,D.A. (2018) Genetic instability associated with loop or
stem-loop structures within transcription units can be independent of
nucleotide excision repair. Nucleic Acids Res., 46, 3498–3516.

29. Hanawalt,P.C. and Spivak,G. (2008) Transcription-coupled DNA
repair: two decades of progress and surprises. Nat. Rev. Mol. Cell
Biol., 9, 958–970.

30. Li,W. and Li,S. (2017) Facilitators and repressors of
transcription-coupled DNA repair in Saccharomyces cerevisiae.
Photochem. Photobiol., 93, 259–267.
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