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Cyclobutane pyrimidine dimers (CPDs) are predominant
ultraviolet (UV) light-induced DNA lesions that can result
in mutations and lead to skin cancers (1). CPD lesions are
primarily repaired by nucleotide excision repair (NER), a
highly conserved repair pathway (2). NER consists of two
subpathways: transcription-coupled NER (TC-NER) and
global genome NER (GG-NER) (2). GG-NER can occur
anywhere in the genome, whereas TC-NER is dedicated
for repair of bulky lesions at transcribed strands of active
genes (2). Eukaryotic TC-NER is initiated by stalled RNA
polymerase II (Pol II) at DNA damage sites, whereas the
damage recognition in GG-NER DNA is mainly achieved
by repair factor XPC (2). Many factors can modulate the
repair efficiency and outcome in vivo, including the chro-
matin organization and genomic location of lesions, ac-
cessibility of repair factors, and occupancy of repair
facilitators and suppressors. In PNAS, Duan et al. (3) take
a genomic approach to investigate how the genome-
wide contribution of several key protein factors would
impact the TC-NER process of CPDs in yeast, providing
important insights into how TC-NER is modulated in
yeast chromatin.

In particular, Duan et al. (3) focus on three factors,
Rad26, transcription factor IIH (TFIIH), and elongation fac-
tor Spt4/Spt5, that have dual roles in both TC-NER and
transcription processes. During TC-NER, human Cock-
ayne syndrome group B (CSB) protein and its yeast ortho-
log Rad26 play important roles in TC-NER. CSB/Rad26 is
the first protein to be recruited to DNA damage-stalled
Pol II (2). Human CSB, CSA, and UVSSA act cooperatively
to recruit TFIIH to damage-stalled Pol II (4). TFIIH is in-
volved in the lesion verification step as well as recruitment
of repair factors for dual incision (2, 5). In contrast, yeast
Spt4/Spt5 functions as a TC-NER suppressor and Rad26
is required to antagonize Spt4/Spt5’s suppression (6). Re-
cent structure of the Pol II–Rad26 complex provided
mechanistic insights into the roles of Rad26 in evicting
Spt4/Spt5 and TC-NER initiation (7).

As an essential general transcription factor for tran-
scription initiation, TFIIH unwinds the double-stranded

DNA to facilitate the formation of the open complex
with a transcription bubble that allows de novo RNA
synthesis. When Pol II transits from initiation to the
productive elongation stage, TFIIH is released from
Pol II and yeast Spt4/Spt5 is recruited to Pol II to
promote transcription elongation (6). Rad26 is also

Fig. 1. TFIIH and Spt5 distribution modulates the
requirement of Rad26 in TC-NER. (A) Plot of occupancies
of TFIIH (green) and Spt5 (blue) at TSS region and the
pattern of Rad26 requirement in TC-NER. Nucleosomes
are shown in light blue ovals, except +1 nucleosome
(orange). Regions for Rad26-independent and Rad26-
dependent TC-NER are shown in white and red bars,
respectively. (B) Model for a Rad26-independent TC-
NER at TSS-proximal side of +1 nucleosome. TFIIH
(green) interacts with Pol II (purple) to activate TC-NER
without Rad26. (C) Model for Rad26-dependent TC-NER
at downstream nucleosomes. Rad26 (orange) is required
to evict Spt4/Spt5 (blue) for TC-NER.
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involved in transcription regulation of a subset of genes and stim-
ulates transcription elongation in vitro (7, 8). Previous studies
revealed significant occupancy heterogeneity of transcription/
repair factors in different chromatin regions (9, 10). How does
the occupancy heterogeneity of these factors affect TC-NER
of DNA lesions in chromatin? A genome-wide mapping of
DNA damage formation and repair would be important to an-
swer this question.

Next-generation sequencing technologies have greatly facili-
tated our understanding of DNA damage formation and repair
across the whole genome (9–12). Recently, quite a few high-
resolution genome-wide DNA damage-mapping methods were
developed (12–16), which can be categorized into three classes
based on the mapping strategies. First, antibody-based methods
(such as damage sequencing [Damage-seq] and excision repair
sequencing [XR-seq]) take advantage of the specificity of anti-
bodies against DNA damage and/or damage-binding proteins
(such as TFIIH) (12–14). The antibody-based methods were
employed to investigate the formation and dissect GG-NER
and TC-NER excision dynamics of a variety of DNA lesions from
bacteria to human (12–14). Second, chemical-based labeling
methods (such as 8-oxo-7,8-dihydroguanine sequencing [OG-
seq]) utilize specific chemical probes to label damage sites for
mapping genome-wide distribution of DNA lesions (16). Third,
repair enzyme-based methods (such as CPD sequencing [CPD-
seq] and excision sequencing [Excision-seq]) take advantage of
the specificity of repair enzymes that recognize DNA lesions
(15, 17). Mao et al. (15) previously developed CPD-seq that em-
ploys T4 endonuclease V (T4 endoV) and apurinic/apyrimidinic en-
donuclease (APE1) to generate a free 3′-OH group immediately
upstream of the CPD lesion, which is then ligated to an adaptor
DNA for next-generation sequencing. In PNAS, Duan et al. (3)
employed CPD-seq to investigate the genome-wide roles of
Rad26 in TC-NER in yeast chromatin context.

In PNAS, Duan et al. take a genomic approach to
investigate how the genome-wide contribution
of several key protein factors would impact the
TC-NER process of CPDs in yeast, providing im-
portant insights into how TC-NER is modulated
in yeast chromatin.

Li and Smerdon previously reported Rad26-independent
TC-NER in a RAD26 full-deletion yeast strain (i.e., rad26Δ) (18).
They further studied the contribution of Rad26-dependent and
Rad26-independent TC-NER in a few individual genes. TC-
NER is largely Rad26-independent on some highly transcribed
genes (such as GAL1), whereas TC-NER is Rad26-dependent
on slowly and moderately transcribed genes (such as URA3
and RPB2 genes) (6). However, the genome-wide distribution
pattern of Rad26-dependent and Rad26-independent pathways
is not fully understood. To address this question, Duan et al. (3)
analyzed the TC-NER of CPDs across ∼5,200 Pol II-transcribed
yeast genes in wild-type cells, a rad26Δ strain, and a Rad26 ATPase-
dead strain. Their data indicate that Rad26 is generally required for
TC-NER in most yeast genes, and Rad26-independent TC-NER
mainly occurs in a few highly transcribed genes.

Li and Smerdon also reported TC-NER activities at a short
region immediately downstream of transcription start site (TSS) at
GAL1 and RPB2 genes (6, 18). It was proposed the association of

TFIIH with Pol II at TSS could directly contribute to TC-NER activ-
ities (18, 19). An earlier study using genome-wide XR-seq ob-
served TC-NER repair activities near TSS and transcription
termination site (TTS) regions; however, it is not clear whether
these TC-NER activities at these regions require Rad26 or not
(14). To address this question, the authors performed in-depth
genome-wide analysis of TC-NER in regions nearby TSS (200 bp up-
stream to 650 bp downstream of the TSS) and TTS (i.e., from −300 bp
to+200bp relative to thepolyadenylation site). The authors found that
Rad26 is critical for TC-NER downstream of the first (+1) nucle-
osome in transcribed regions as well as around TTS regions. In
contrast, the TC-NER within ∼30 bp downstream of the TSS is
Rad26-independent. Duan et al. (3) confirm that this Rad26-
independent TC-NER near TSS is widespread for many genes.

Why is Rad26 specifically required for TC-NER downstream, but
not upstream, of the +1 nucleosome? The authors hypothesize that
occupancy fluctuation of Pol II and/or transcription/repair factors may
correlate with this differential Rad26 requirement in TC-NER at TSS
regions. Duan et al. (3) first checked the Pol II density at the
+1 nucleosome and found that the occupancy pattern of Pol II is
not fully correlated with the Rad26 requirement in TC-NER. The au-
thors then analyzed the occupancy patterns of TFIIH and Spt5 (9, 10)
and found combined distribution of TFIIH and Spt4/Spt5 has a nice
correlation with the pattern of differential Rad26 requirement in
TC-NER at TSS regions (Fig. 1A). The authors suggest that, at the
TSS-proximal side of the +1 nucleosome, the high occupancy of
Pol II-associated TFIIH and low Spt4/5 occupancy allows cells to
directly activate TC-NER without the requirement of Rad26 (Fig.
1B). In contrast, Pol II releases TFIIH and binds Spt4/Spt5 for pro-
ductive elongation downstream of +1 nucleosome. Rad26 is re-
quired to remove highly occupied Spt5, the TC-NER suppressor,
in order to activate TC-NER at downstream nucleosomes (Fig. 1C).
Indeed, compared to the rad26Δ strain, TC-NER activity is signif-
icantly restored in the rad26Δspt4Δ strain across the genome,
particularly in the downstream nucleosomes, confirming the
genome-wide suppression role of Spt4/Spt5 at downstream nu-
cleosomes in rad26Δ.

In summary, Duan et al. (3) report genome-wide analysis of
distribution of Rad26-dependent and Rad26-independent TC-
NER in chromatin. The authors reveal that the differential require-
ment of Rad26 in TC-NER has a nice correlation with the distribu-
tion of TFIIH and Spt4/Spt5 at TSS regions across the genome.
A model of how TFIIH and Spt4/Spt5 control the Rad26 require-
ment is proposed to explain this correlation. These results greatly
expand our understanding of the genome-wide roles of Rad26 in
TC-NER and its interplay with TFIIH and Spt4/Spt5 at the whole-
genome level in chromatin.

Interestingly, CSB-independent TC-NER was also reported in
the TSS-proximal coding region (−40 to +20 nt) in a human gene
(JUN) (20). This raises the important question of whether human
cells have a mechanism similar to that reported in PNAS. While
Rad26 (CSB), TFIIH, and Spt4/Spt5 (DRB-sensitivity-inducing fac-
tor [DSIF], Spt4/Spt5 homolog) are highly conserved from yeast to
humans, there are some important variations between yeast and
humans. First, promoter-proximal pausing and its release during
early elongation (immediate downstream of TSS) function as a
widespread and major regulatory mechanism in higher eukary-
otes (such as metazoans) (21). This pausing is mediated by
NELF (negative elongation factor) in collaboration with DSIF.
In sharp contrast, such pausing has not been observed in bud-
ding yeast, which lacks homologs of all NELF subunits (21).
Second, while the role of yeast Spt4/Spt5 as suppressor in
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TC-NER and the role of Rad26 in antagonizing this suppression
is well documented in yeast (6), it is not clear whether human
DSIF and CSB have similar roles. Third, in humans the recruit-
ment of TFIIH to stalled Pol II is mediated cooperatively by
CSB, CSA, and UVSSA. In contrast, it is not clear how TFIIH is
recruited in yeast, which lacks a homolog of UVSSA, and
whether Rad26 has a similar role (as CSB) in TFIIH recruitment.
Given these variations, it would also be very interesting to

expand this study in other species, particularly in human cells.
Finally, a rapid growing list of new TC-NER factors has been
identified in the past a few years, and next-generation damage-
mapping methods would offer great opportunities to dissect
genome-wide roles of these new factors on TC-NER in chromatin.
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