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Nucleotide excision repair (NER) is the most versatile DNA repair pathway, which can remove diverse bulky DNA lesions
destabilizing a DNA duplex. NER substrates are UV photoproducts, e.g., cyclobutane pyrimidine dimers (CPDs),
pyrimidine-pyrimidone-(6-4)-photoproducts (6-4PPs), intrastrand crosslinks, and bulky adducts of DNA bases with reactive
metabolites of some chemical carcinogens or chemotherapeutic agents. These kinds of lesions can be substrates for two
NER sub-pathways—global genome NER (GG-NER) and transcription-coupled NER (TC-NER)—that overlap, except for
the mode of DNA damage recognition.

NER defects cause several autosomal recessive genetic disorders. Xeroderma pigmentosum (XP) is one of the NER-
associated syndromes characterized by low efficiency of the removal of bulky DNA adducts generated by ultraviolet
radiation. XP patients have extremely high ultraviolet-light sensitivity of sun-exposed tissues, often resulting in multiple
skin and eye cancers.
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| 1. Introduction

In all cells, DNA is the carrier of genetic information from generation to generation; thus, its integrity must be maintained to
ensure the survival of the cell, the whole organism, or even the whole species. Nonetheless, DNA is constantly
jeopardized by multiple external adverse factors, such as ultraviolet (UV) light, ionizing radiation, chemotherapy drugs, or
environmental pollutants. DNA damage can also be caused by endogenous factors such as replication errors or cellular
oxidative metabolism products from mitochondria or inflammation . The lesions can disrupt the basic processes of DNA
metabolism by blocking replication and transcription. To counteract these adverse effects, eukaryotic cells are equipped
with several DNA repair mechanisms acting on different types of DNA damage @B, In some cases, if the lesions cannot
be eliminated—either because the damage load is too high or because a requisite repair pathway is deficient—the cell
cycle can be arrested until the damage is repaired, and if this does not occur rapidly, the cell may be eliminated by
apoptosis or may accumulate mutations and transform into a potentially cancerous cell that might proliferate
uncontrollably and give rise to a tumor. Ultimately, cells can tolerate some DNA lesions owing to translesion DNA
synthesis.

Typical types of DNA lesions include a variety of oxidative DNA modifications involving base or sugar damage, DNA
crosslinks, strand breaks, and adducts with chemically active molecules &3, Moreover, DNA can be damaged because of
internal instability due to the spontaneous hydrolysis of the glycosidic bond with the formation of an abasic site (i.e.,
apurinic/apyrimidinic site, hereafter: AP site). As a rule, base excision repair (BER) deals with the repair of nonbulky base
damage and AP sites in both the nuclear and mitochondrial cellular compartments [LEI5],

The nucleotide excision repair (NER) pathway is the most universal repair pathway to remove a wide range of helix
distorting lesions from DNA BIlZ. NER substrates are UV photoproducts, e.g., cyclobutane pyrimidine dimers (CPDs),
pyrimidine-pyrimidone-(6-4)-photoproducts (6-4PPs), intrastrand crosslinks, and bulky adducts of DNA bases with reactive
metabolites of some chemical carcinogens or chemotherapeutic agents [&l. These kinds of lesions can be substrates for
two NER sub-pathways—global genome NER (GG-NER) and transcription-coupled NER (TC-NER)—that overlap, except
for the mode of DNA damage recognition. Specific damage sensing proteins of GG-NER scan the entire genome at any
moment of the cell cycle I8 |n contrast to GG-NER, TC-NER rapidly eliminates transcription-blocking lesions from
actively transcribed DNA strands only. During TC-NER DNA damage can be detected in the template DNA strand when it
stalls the RNA polymerase [Q19 After the lesion has been recognized, all subsequent steps require the same NER core
factors in GG-NER and TC-NER.

Mutations in NER-related genes cause several hereditary diseases, such as xeroderma pigmentosum (XP) and Cockayne
syndrome (CS) LU, Mutations in XP-related gene products (except proteins that exclusively taking part in GG-NER



damage recognition) lead to the disruption of both NER sub-pathways. At the same time, mutations in CS proteins affect
only TC-NER. XP is characterized by extreme sensitivity of the skin to sunlight and a dramatically increased risk of skin
cancer 1213l A sybset of XP patients develops a profound neurodegenerative condition known as XP neurological
disease 4. XP and CS are often grouped together as related diseases owing to overlapping sun sensitivity phenotypes

and progressive neurodegeneration, but the specific nature of the neurological pathologies is qualitatively different
between them [L2I16I[L7],

Progressive neurodegeneration occurs when a loss of neuronal structure or function leads to a decline in the number of
neurons owing to apoptotic cell death [, Neurons have a high metabolic load and consume large amounts of energy,
which is supplied by mitochondria in the form of ATP. Byproducts of the ATP formation give rise to reactive oxygen species
(ROS), which can cause many types of oxidative DNA damage to genomic and mitochondrial DNA 28129l Nowadays, it is
widely accepted that the accumulation of oxidative DNA lesions is the cause of the neuropathology that takes place with
aging as in several neurodegenerative disorders. Moreover, the accumulation of damaged mitochondria due to a
decrease in mitophagy is also a hallmark of the aging process and a clinical feature of XP and CS [28120]21]

| 2. Nucleotide Excision Repair
2.1. Classic NER Substrates

One of the most astonishing features of the NER pathway is its broad ability to recognize and process many structurally
and chemically diverse lesions. NER is the only repair pathway that protects our skin from DNA photodamage induced by
UV light. The latter is the high-energy component of sunlight that reaches the Earth surface. According to the wavelength,
UV radiation can be subdivided into several ranges. Fortunately, the atmosphere blocks ~3/4 of the sun’s UV light, and its
most powerful part, UV-C (100-280 nm), is completely absorbed. The ozone layer filters most of UV-B (280-315 nm).
Thus, most of the UV light that reaches the Earth surface is UV-A (315-400 nm) with a small remainder of UV-B. UV-A can
penetrate more deeply into the skin than UVB can because of its longer wavelength. Photodamage formation (and
sunburn) in human skin starts near the boundary between UV-A and UV-B light (~315 nm) and continues during UV-B
exposure. Notably, a wavelength closer to the nucleotide light absorption maximum produces more lesions in DNA.

CPDs are the major DNA photoproducts of UV light (Eigure 1) [AEI2223]: 6.4ppPs are formed in a 25-30% lower amount
than CPDs and are the second most prevalent UV lesion. CPDs only minimally distort the double helix, whereas 6-4PPs
produce a pronounced DNA backbone bending and base-pairing disruption. The DNA thermodynamic destabilization

ability correlates with repair efficiency of these lesions; CPDs are excised by NER with much slower kinetics as compared
to 6-4PPs [LI122][24][25],
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Figure 1. Chemical structures of DNA photoproducts caused by sunlight. The majority of cyclobutane pyrimidine dimers
(CPDs) is formed between adjacent thymine residues (TT) but can eventually arise between adjacent T and C, C and T, or
C and C, depending on the wavelength, irradiation dose, and adjacent sequences. CPD can be formed with cis-
syn isomer representing large majority of CPDs within duplex DNA, and trans-syn occurring exclusively within single-
stranded DNA. Pyrimidine-(6-4)-pyrimidone photoproducts (6-4PPs) are generated preferentially in nucleotide pairs TC,
CC, and TT, with the ratio and yields depending on irradiation wavelength and adjacent sequences . This figure is based
on several studies [€122],

Another source of DNA damage is various electrophilic compounds that directly penetrate the cell from an external
medium or are produced inside the organism after metabolic activation. These compounds include environmental
mutagens like polycyclic aromatic hydrocarbons (benzo[a]pyrene and various aromatic amines) and adducts of cancer
chemotherapeutic drugs such as cisplatin. These electrophilic compounds can react with nucleophilic atoms of DNA,
especially with N7 of the guanine base [I8],

DNA damage recognition is the first key step, which affects overall efficiency of DNA repair . The fact that NER can
repair so many structurally different types of DNA damage indicated early on that the system may not recognize a lesion
per se but rather some specific conformational features caused by the lesion within DNA &, In general, a good NER
substrate should be bulky and must destabilize a DNA double helix (disrupt base pairing and bend the duplex). To detect
both conditions, NER has evolved special bipartite substrate discrimination: firstly, it recognizes a local thermodynamically
destabilized site, and then the latter is probed for lesion presence. The double recognition allows NER to avoid processing
mismatched but damage-free sites.

2.2. The Damage Recognition Step

DNA damage can be recognized by NER in one of two modes. GG-NER can search for damage anywhere in the genome
throughout the cell cycle. The second mode is TC-NER, which is responsible for the accelerated repair of lesions in the
template DNA strand of actively transcribed genes only.

In the case of mammalian GG-NER, lesions are recognized by xeroderma pigmentosum factor C (XPC) complexed with
proteins RAD23B and centrin 2 (CETN2) 8. Small subunits collectively stabilize the XPC structure, possibly modulate
some protein—protein interactions, and stimulate the DNA binding of the major subunit of the complex (XPC) thereby
increasing NER efficiency in vitro and in vivo (28 and references within). The XPC-RAD23B—CETN2 complex
(hereinafter, XPC) can detect and bind DNA sites where the regular double-helical structure is perturbed, and as a result,
one or more base pairs are disrupted and/or destabilized EllZ], X-ray crystal structure of Rad4—the yeast ortholog of XPC
—has revealed a structural basis for the unique DNA damage-searching ability 271281 A series of subsequent biophysical
studies indicates that Rad4/XPC can bind to DNA nonspecifically via a damage-independent DNA-binding domain (TGD)
and freely diffuse mainly by a one-dimensional-diffusion mechanism 239t js noteworthy that Rad4/XPC diffuse along
DNA not by “sliding” but rather by “hopping” (diffusion through repeated microscopic dissociation and reassociation with
the DNA). An advantage of the hopping mode is that it allows a protein to overcome protein obstacles on DNA 22, At a
suspicious DNA site of certain single-stranded character (where DNA is “breathing” too much because of a mismatch or
an AT-rich sequence, where DNA can transiently melt), Rad4/XPC are slowed down 2939 The presence of a helical
distortion and base pair disruption enables XPC to insert two B3-hairpin modules from BHD2/BHD3 domains into the DNA
duplex and to form a stable protein—-DNA complex. In this complex, Rad4/XPC interacts exclusively with the nucleotides
on the undamaged strand and flips out damage-containing nucleotide pairs to form an “open” conformation B9, The
reason is that the damaged DNA is already destabilized and has a lower free-energy barrier for “opening,” thus increasing
the probability that Rad4 (or XPC) can use the hairpin modules to sense the lesion presence and not diffuse away 139,
Notably, DNA duplexes containing bulky lesions on both strands are not processed by NER B132],

CPDs—the most abundant photolesions—are poorly recognized by XPC because they cause only a minimal distortion in
DNA. These lesions are recognized by a special protein (UV-damaged DNA-binding protein (UV-DDB), a heterodimeric
protein consisting of DDB1 and DDB2/XPE), which has extraordinarily high binding affinity and specificity for CPD and 6-
4pp B, |n contrast to XPC, DDB2 interacts directly with UV light-induced photolesions in DNA, introduces a kink into
the duplex, and creates a more suitable substrate for XPC (Eigure 2A). Structural studies have revealed that DDB2 flips
out the two nucleotides of CPD into a shallow binding pocket, which can accommodate such lesions as CPDs or 6-4PPs
via shape complementarity €12, |n addition, DDB2 is thought to facilitate XPC recruitment within chromatinized DNA
through the ability to promote chromatin reorganization. Moreover, DDBL1 is also a connector protein for ubiquitin ligase
CUL4-RBX1 18l The ubiquitin ligase is activated upon DDB2 binding and ubiquitinates DDB2 and XPC B8l The
ubiquitination of DDB2 launches its proteasomal degradation after extraction from NER complexes. By contrast, the XPC
ubiquitination increases its DNA-binding activity 4. Damage handover from DDB2 to XPC coincides with the arrival of the



TFIIH complex, which further promotes DDB2 dissociation B2I32 |t should be noted that both UV-DDB and XPC proteins
are also targets of poly(ADP-ribosyl)ation catalyzed by poly(ADP-ribose)polymerase 1 (PARP1) in response to UV-
irradiation. Taking in account that PARP1 participates in the UV-induced chromatin decondensation and PARP1 activity

promotes DDB2 interaction with XPC, this modification can facilitate lesion recognition in the chromatin context (reviewed
in [81).
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Figure 2. An overview of the damage recognition step of nucleotide excision repair (NER). (A) Global genome NER (GG-
NER) can search for damage anywhere in the genome throughout the cell cycle. The UV-DDB protein recognizes CPD or
6-4PP, directly binds to it through its DDB2 subunit, and facilitates efficient recognition of the lesion by the XPC-RAD23B—
CETN2 complex. The DDB1 subunit is also a connector protein for ubiquitin ligase CUL4, which ubiquitinates DDB2 and
XPC B3 (B) Transcription-coupled NER (TC-NER) is responsible for accelerated repair of lesions in the template DNA
strand of actively transcribed genes only. The CSB protein and then proteins CSA and UVSSA bind to DNA damage
stalled RNAPII. CSB and CSA associate with CRL ubiquitin ligase and contribute to the ubiquitination of the RNAPII RPB1
subunit at K1268. This ubiquitination stimulates the association of TFIIH with the stalled RNAPII through a transfer
mechanism that also involves UVSSA-K414 ubiquitination 21331,

TC-NER is initiated by the stalling of elongating RNA polymerase Il (RNAPII) at DNA lesions (Figure 2B). The CSB protein
(Cockayne syndrome group B protein, a member of the SNF2 family of DNA-dependent ATPases) interacts loosely with
the elongating RNAPII and stimulates transcription but becomes more tightly bound after transcription arrest 19, |t is
suggested that CSB participates in RNAPII backtracking to make a DNA lesion accessible to repair proteins. Upon
RNAPII stalling at a lesion, the RNAPII-bound CSB recruits the CSA protein (Cockayne syndrome group A protein), and
both together contribute to the polyubiquitination of the K1268 residue of RPB1, a subunit of RNAPII B3B38 The RPB1
ubiquitination acts as a master switch for the alternation of transcription, RNAPII degradation, and initiation of DNA repair
(91 At the next step, CSA facilitates the association of UVSSA (UV-sensitive syndrome protein A) with the stalled RNAPII.
UVSSA is the key factor that recruits the TFIIH complex B2,

When the RPB1 K1268 residue is mutated or some of CSB/CSA/UVSSA accessory proteins are absent, TC-NER cannot
start. In this situation, transcription does not shut down, leading to multiple transcription restarts (resulting primarily in the
transcription of short genes) and subsequent RNAPII stalling instances; therefore, eventually, the RNAPII pool is depleted,
and transcription is dysregulated (& and reviewed in ).

A recent study has discovered that RNAPII stalling could follow by nascent RNA hybridization with DNA template strand
generating an RNA-DNA hybrid and displaced ssDNA. Such kind of structures called an R-loop could occur
physiologically during an early step in transcription elongation (especially are abundant at promoters) and transcription
termination 2140 Moreover, it is proposed that R-loops can regulate gene expression through multiple context-dependent
mechanisms. At the same time, R-loop can be problematic for cells as it blocks efficient transcription and replication. The
accumulation of R-loops is associated with cancer and several neurological diseases. It was shown that NER proteins
participate in R-loops resolving process, but the mechanism of R-loop resolution is not clear.

The TFIIH (transcription factor IIH) complex is a multifunctional protein machine required for transcription initiation and
NER 1, Depending on a context, its composition changes from a core of seven subunits, including the XPB translocase
and XPD helicase, to 10 subunits, through the addition of three CAK (Cdk-activating-kinase module) kinase subunits.
Recent advances in breakthrough cryo-electron microscopy give investigators a unique opportunity to investigate the
TFIIH structure BUM2ME3] TF||H assumes an arch-like conformation with subunits curving from XPD on the one end to
XPB located on the second end. The CAK components close the ends of this structure and stabilize the arch. It is
suggested that TFIIH core structure becomes more flexible after CAK module dissociation, and this arrangement may be



sufficient for subsequent functioning during NER 4. The release of the CAK complex from core TFIIH transforms TFIIH
from a transcription factor into a repair factor B2,

2.3. Damage Verification and Pre-Incision Complex Formation

The TFIIH complex is the key protein for the damage verification step. TFIIH probes the lesion itself and unwinds the DNA
duplex around the lesion, thereby making room for the subsequent assembly of a repair machine; we simply could even
say that NER machinery is built around TFIIH.

In the case of GG-NER (Eigure 3A), TFIIH is recruited via XPB engagement to the DNA duplex and interaction with the C
terminus of XPC as well as an additional interaction of the p62 subunit with XPC's N terminus [, After that, the XPD
helicase may get loaded on the DNA because of its location on the other end of the TFIIH arch. A striking similarity
between GG-NER and TC-NER is that XPC and UVSSA share an interaction surface on the p62 subunit of TFIIH,

suggesting that the two pathways at least partially share a mechanism for the engagement of TFIIH with the lesion site
e
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Figure 3. Schematic view of the damage verification step of NER and pre-incision complex formation. (A) GG-NER. TFIIH
initially interacts with XPC’s N terminus by means of p62 subunits, then tumbles to XPC’'s C terminus, where the
interaction with XPB promotes its binding to a duplex part. XPA releases an inhibitory CAK module and together with XPG
stimulates XPD activity ¥4, The XPD helicase binds to the damaged strand and starts to a repair bubble formation .
When XPD gets to the lesion and stalls on it, XPC is displaced, and XPG binds to the 3’ edge of the repair bubble. (B) TC-
NER. XPC and UVSSA share an interaction surface on the p62 subunit of TFIIH . RNAPII moves in the 3'~5' direction
on the damaged strand, then, after its lesion stalling and assembly of factors CSB, CSA, and UVSSA, the latter promotes
TFIIH binding downstream of RNAPII B7 Thereafter, XPA and XPG stimulate XPD activity, and TFIIH starts to move in the
5'- 3’ direction and may “push” RNAPII for a backtracking movement. (C) The NER pre-incision complex (PIC): TFIIH
stalls on the lesion-bearing strand, RPA covers the undamaged strand, XPA marks the 5' edge of the repair bubble, XPG
marks the 3’ edge of the repair bubble, and XPF—ERCC1 binds behind XPA.

Notably, human TFIIH binds downstream of RNAPII (which moves in the 3'-5' direction) in the transcription pre-initiation
complex 23, |n line with these data, we propose that in TC-NER initiation, TFIIH should also bind downstream of RNAPII
for subsequent movement on the same damaged strand in the opposite 5' - 3' direction (Figure 3B). In the case of R-loop
formation behind the RNAPII, it cannot be easily displaced by TFIIH to make a space for repair process. The sequence of
events in this situation should be a subject for future investigations.

TFIIH structure flexibility allows XPD to unwind DNA while tracking along in the 5'—3' direction . During the tracking
process, XPD pulls the DNA through a narrow tunnel that is too small for bulky DNA lesions to pass through 1. This
“damage filtration” process is simple but effective.

The release of the CAK module from core TFIIH is triggered by the association of repair factors XPA and XPG (XP factors
Aand G) 24, Bijochemical data show that XPA can stimulate the overall helicase activity of TFIIH, and on the contrary, can
inhibit the helicase activity in the presence of lesions; therefore, XPA also contributes to damage verification 48!,
Moreover, XPA has some bulky-damage recognition ability as well and especially prefers to bind kinked and branched
DNA structures B8] |t was shown recently by atomic force microscopy, scanning force microscopy, and mathematical
modeling that XPA undergoes episodic one-dimensional diffusion to search DNA for damage 9. Furthermore,



biochemical research revealed that XPA is located on the 5' side from a lesion at the damaged bubbled DNA 4. Cryo-
electron microscopy data have extended our knowledge of the modulation of TFIIH activity by XPA and XPG [44l: (1) XPA
and XPG stabilize an alternative conformation of TFIIH, where the XPD helicase is opened for functioning; (2) XPA and
XPG also stimulate XPB and XPD, and this event may facilitate DNA opening; consequently, they are present in a ternary
complex in the lesion-scanning mode; (3) XPA interacts with an XPB subunit in the TFIIH-DNA complex and marks the
DNA at the 5' edge of the repair bubble; (4) XPA forms a bridge between XPB and XPD and thus possibly facilitates XPD
positioning on the single-stranded 3' extension.

Immediately after forming single-stranded undamaged DNA inside the repair bubble, it binds to the replication protein A
(RPA) BY. RPA interacts with the undamaged strand and protects it from a nuclease attack 4. The size of the NER-
excised fragment coincides with maximal length of the single-stranded—DNA platform for RPA binding (approximately 30
nt), to which RPA binds tightly with defined 5’ 3' polarity 21, RPA tightly interacts with XPA inside the repair bubble, and
they together regulate the correct orientation and activation of NER nucleases [22. Moreover, an ability of RPA and XPA to
form a complex in the absence of DNA as well as a ternary complex with DNA was reported, and XPA interaction with RPA
is indispensable for NER B, Crystal structure of Ustilago maydis RPA stably bound to single-stranded DNA was resolved
some time ago B2l These data revealed that single-stranded DNA in complex with RPA is also U-shaped; for this reason,
the 5’ edge and 3’ edge of the repair bubble are pulled together.

During the lesion scanning by TFIIH, XPG “rides” on the XPD subunit 24, After XPD stalls on the lesion, XPG binds to the
3' edge of the repair bubble (possibly by simultaneous displacement of XPC). NER pre-incision complex formation is
completed by the engagement of XPF—ERCCZ1, which is recruited by XPA 4],

Thus, the interior of the NER pre-incision complex is as follows: TFIIH stalls at the lesion, RPA covers the undamaged
opposite strand, XPA marks the 5 edge of the repair bubble, XPG marks the 3' edge of the repair bubble, and XPF—
ERCCL1 binds behind XPA. The XPA is a central component in the pre-incision complex room because it interacts with all
its compartments: with the damage recognition proteins XPC and DDB2, verifies the damage and interacts with TFIIH and
RPA, promotes correct positioning of both nucleases. Patients with reported mutations in the XPA gene have the severest
form of XP (we discuss it in the next chapter). Today, XPA is considered as organizing or scaffold component of the pre-
incision complex, which makes sure that all the NER factors are in the right place for the incision to occur [231[48],

2.4. Dual Incision, Resynthesis, and Ligation

Two endonucleases XPF-ERCCL1 and XPG can now incise the lesion-containing DNA strand (Figure 4). The DNA incision
is first carried out by XPF—ERCC1 from the 5' side to the damage site with the formation of a free 3'-OH group 221, Next,
replication machinery can be loaded to start repair synthesis (281, RPA promotes the arrival and positioning of RFC and
enhances repair synthesis with possible help of XPA as it interacts with PCNA 22581,
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Figure 4. Late NER stages: dual incision, resynthesis, and ligation. The first incision is carried out by XPF-ERCC1 from
the 5' side to the lesion site. Then, replication machinery is loaded, and repair synthesis can be initiated. Possible sets of
replication machines: DNA polymerase 8, PCNA, and RFC; DNA polymerase €, PCNA, and a modified form of RFC; or
DNA polymerase k, ubiquitinated PCNA, and XRCC1. Halfway gap resynthesis is followed by a second incision by XPG.
After repair synthesis is completed, nick sealing is performed by DNA ligase | or by the DNA ligase Illo-XRCC1 complex.



Repair synthesis can proceed halfway through the gap in the absence of an XPG-made incision 23, The XPG-made 3'
incision is possibly triggered by PCNA-XPG interaction 29, The lesion-containing oligonucleotide (~30 nt) is released
from the repair bubble in complex with TFIIH 89, Then, after ATP binding, TFIIH slowly dissociates from the excised
oligonucleotide, and the latter is bound by RPA or degraded by cellular nucleases.

Repair synthesis may be performed by different sets of replication machines: DNA polymerases &/sliding clamp
PCNA/clamp loader RFC or DNA polymerases ¢/PCNA/ a modified form of RFC or DNA polymerases k/ubiquitinated
PCNA/XRCC1 [23IB1 which set of replication factors will be loaded possibly depends on the cell cycle but in general
remains unknown. The XPG-made incision leaves a 5'-phosphate that is utilized in the nick-sealing reaction by DNA ligase
| or by DNA ligase Illa (with XRCC1) [2. Now, NER is completed.
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