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1. ABSTRACT

Genome integrity maintenance is crucial for 
cell survival and for counteracting cancer onset and 
progression. Mammary cells invest great amount of 
energy in DNA repair, in order to avoid errors accumulation 
in DNA sequence. Nucleotide Excision Repair (NER) 
removes a broad spectrum of DNA damages, mainly 
bulky DNA lesions. Tissues of Head and Neck region are 
heavily exposed to bulky lesions inducing carcinogens, 
this making NER process of great interest in the field. 
Here we review the recent literature about NER in HNC 
and we also discuss the role played by NER in HNSCC 
in the chromatin context; to this aim we particularly 
focus on the role played by histones chaperon CAF-1, 
essential in restoring the chromatin structure following 
DNA replication and DNA damage repair, including NER. 
A better understanding of basic mechanisms underlying 
the DNA damage response, particularly involving NER, 
especially in the chromatin context, will provide us with 
new promising way to bypass the repair block, possibly 
becoming an unexpected mode of “transversal” control 
also of the proliferative deregulation, classically observed 
in HNSCC.

2. INTRODUCTION

For Head and Neck cancers we usually refer 
to tumors originating from nasal cavities and paranasal 
sinuses, pharynx (rinopharynx, oropharynx and 
ipopharynx), salivary glands, oral cavity and larynx. 
About 12,000 new cases of malignant head and neck 
cancers are diagnosed every year in Italy where these 
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tumors account for about 3% of all malignancies. The 
Italian incidence rate is 12 cases per 100,000 inhabitants, 
while in the whole Europe it is equal to 18 per 100,000 
inhabitants. 90% of all tumors of Head and Neck region 
are squamous cell carcinomas (HNSCC: Head and Neck 
Squamous Cell Carcinoma); the remaining 10% are 
melanomas, lymphomas, sarcomas and tumor of other 
histology as salivary gland tumors. Men are usually more 
frequently affected then women (ratio being about 6:1) 
with an average age ranging between 50 and 70  years 
old (salivary gland tumors and sarcomas usually hit 
younger patients). Most affected sites for squamous cell 
carcinomas are ipopharynx, oropharynx, rinopharynx 
and oral cavity. Head and neck cancers are a very 
heterogeneous group of tumors, for etiopathogenesis, 
histology, natural history and mutational status. 75% 
of Head and Neck cancers are directly related to the 
association between tobacco smoke habit and alcohol 
consumption (1). HPV infection (mainly HPV16 and less 
frequently HPV18) (2-4) is at the basis of neoplastic 
transformation also in those cases where canonical risk 
factors do not apply. HPV related cancers are usually oro-
pharynx squamous cell carcinomas of younger population, 
not preceded by clinically evident preneoplastic lesions, 
mainly linked to the sexual habits (number of partners, 
oral sex). In US more about 70% of oro-pharyngeak 
cancers are estimated to be HPV-positive and tend 
to increase. HPV positivity is a favorable prognostic 
factor in terms of tumor behavior and of response to 
chemo and radio-therapy: HPV positive tumors, in fact, 
are usually more sensitive to chemotherapies and to 
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radiation therapy. One of the possible explanations about 
the different behavior between the HPV positive and 
negative HNSCC rely on the different pathogenesis: HPV 
proteins E6/E7 epigenetically inhibits cell cycle proteins 
Rb and p53 (in HPV positive tumors), while in alcohol 
and tobacco associated cancers inactivation of the 
tumor suppressors occurs mainly by genetic mutations. 
Recently, a possible third class of HNSCC has been 
described with the coexistence of high risk HPV strains 
and a documented alcohol and tobacco exposure, 
envisaging a synergic effect between the two factors (5). 
The EBV virus has also been associated with HNSCC 
affecting young people.

Fanconi anemia, a cancer-prone genetic disorder 
causing aplastic anemia, characterized by deficient 
DNA damage repair, has also been described to favor 
HNSCC. The mutation landscape of cancers of head and 
neck region reveals the extreme heterogeneity of these 
tumors (6). The molecular signature of these tumors show 
great variations depending whether the tumor is alcohol/
tobacco associated or HPV positive; in fact, HPV positivity 
inversely associates to TP53 mutations, moreover alcohol 
and tobacco associated tumors usually show more 
mutations than the HPV positive counterpart (7). The 
most frequently mutated genes found in HNC are TP53, 
CDKN2A, PTEN, PIK3CA, HRAS and NOTCH1. It’s 
interesting to note that in head and neck region cancers 
there is a prevalence of mutations in tumor suppressor 
genes, rather than oncogenes, this making much more 
difficult to find new “drug-able” molecular targets to 
personalize treatments (6,8-11). Staging of HNC commonly 
follows the UICC/AJCC guidelines (12). Tumors at initial 
stages are commonly treated with surgery or radiotherapy 
with similar results for some tumor sites (such as glottic 
larynx). Only exceptions are rinopharyngeal tumors whose 
treatment is mainly radiotherapy eventually associated to 
chemotherapy. Advanced stage tumors (stage III and IV) 
are mainly treated by surgery, expecially oral cancers, 
although in last decades combined approaches with 
chemo and radiotherapy have been studied in order to 
improve the efficacy of radiotherapy. Several clinical 
studies have assessed the efficacy of chemotherapy and 
its use is highly recommended. The combined treatment 
with platinum based chemotherapy and radiotherapy 
has to be considered the standard treatment in locally 
advanced head and neck squamous cell carcinomas 
(III and IVA-B) (13). Chemotherapy has also to be 
considered the choice treatment in operated patients, with 
positive margins and/or excapsular nodal extension, and 
with good performance status (14-17). Several clinical 
studies have considered a platinum-based chemotherapy 
as neoadiuvant therapy before the locoregional surgical 
treatment. To date, the neoadiuvant chemotherapy has 
a defined role only to the aim of preserving the organs 
in case of ipopharyngeal-laryngeal tumors (18-22). Up to 
date we don’t know many biomarkers predictive of therapy 
response. The viral etiology (HPV for oropharyngeal and 

EBV for rinopharyngeal tumors) is a known prognostic 
and predictive marker (2-5,23). Recentely mutational 
status of TP53 gene has been associated to prognosis in 
patients treated by surgery; prognosis is, in fact, affected 
by the presence and by the kind of mutation (24,25). 
EGFR hyperexpression has been shown to be a negative 
prognostic factor in terms of response to radiotherapy (26) 
as well as tobacco smoke and BMI, even in case of 
HPV positivity, this underlining the importance of life 
styles in modifying the therapy response (26). Overall, 
a better understanding of HNSCC tumor biology and the 
uncovering of more reliable prognostic and predictive 
biomarkers is needed in order to improve HNSCC 
patients response to therapy and quality of life. To this aim 
an interesting and actually debated field of investigation 
is the involvement of DNA damage response pathways 
in the pathogenesis, prognosis and response to therapy 
of HNSCC. As a matter of the facts, the DNA damage is 
strictly tied to cancer being cause of cancer, therapeutic 
strategy and responsible of many of side effects of current 
therapeutic strategies. The DNA damage response, on the 
other side, is an early anticancer barrier for many human 
solid tumors and mutations in DNA damage response 
pathways genes are often cancer prone.

3. GENOME STABILITY MAINTENANCE 
AS A CRITICAL DETERMINANT FOR 
CELL SURVIVAL AND NEOPLASTIC 
TRANSFORMATION

Our genome is constantly under attack. 
Threats to the integrity of the genetic information derive 
from a multitude of causes coming both from outside 
(e.g. exposure to tobacco-smoke constituents, sunlight, 
dietary constituents) and inside the cell (e.g. free radicals 
associated with oxygen metabolism). Each cell of living 
organisms spend a large amount of energy in order to repair 
the DNA damages and failure to accomplish this important 
task might result in a variety of diseases. In particular, the 
maintenance of genome integrity is a big issue in cancer 
field (27). The negative effects that DNA damage is able 
to elicit on a single cell and, in a larger scale, on the entire 
organism, can be schematically divided in short-term 
effects and long-term ones. In the short term, damages to 
DNA might affect gene transcription and can elicit a DNA 
damage response; the signalling pathways that activate 
in response to DNA damage usually drive to cell cycle 
arrest, to allow damage to be repaired, or, whenever the 
damage is too extended to be repaired, to cell death by 
necrosis or by apoptosis or to cell senescence. In the 
long term, unrepaired or faulty repaired mismatches or 
DNA breaks can lead to an unfaithful DNA replication and 
the genetic alteration that follows is very often cause of 
neoplastic transformation (28).

As said, we recognise exogenous and 
endogenous sources of genotoxic stress: exposure to 
ionizing radiation, UV light and several chemicals, as well 
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as exposure to cellular metabolites that are constitutively 
produced in a living cell (such as oxygen free radicals), 
might causes DNA damage in the form of breaks or 
adducts. Cell survival and the maintenance of genome 
integrity, especially after the exposure to a genotoxic insult, 
rely mainly on the efficiency of DNA damage sensing and 
repair machineries. Those genes whose products are 
involved in i) detecting DNA damage and activating the 
repair machinery, ii) directly repairing damaged DNA, 
and iii) inactivating or intercepting mutagenic molecules 
before they have damaged the DNA (29) are called 
caretaker genes and they are acknowledged as tumour 
suppressors (30). Many cancers are characterized by 
caretaker genes loss during progression; this loss might 
be achieved via gene deletion, inactivating mutations or 
epigenetic repression. Although genomic DNA is by itself 
an unstable molecule (31), genome instability, meaning 
an extreme predisposition to accumulate mutations, is 
an hallmark of cancer (29). Cancer cells are, indeed, 
characterized by an increased rate of mutation (32).

4. ENVIRONMENTAL CAUSES OF CANCER

By definition, “carcinogen” is considered any 
factor capable to favor or to cause the onset of cancer. 
Most of the chemicals carcinogens we know today are 

genotoxic compounds. The genotoxic compounds alter, 
directly or indirectly (by their metabolic derivatives) 
the DNA molecules.(by adduction, substitution, base 
oxidation). Very few non-genotoxic cancerogens are 
known, whose are thought to induce epigenetic alteration 
of gene expression. The typical metabolic processing of 
a cancerogen is depicted in Figure 1. For example, the 
Benzo(a) pyrene, a classic DNA-damaging carcinogen 
in tobacco smoke and in the ambient environment, is 
biologically activated, in vivo, by cytochrome P450 and 
peroxidases, forming highly toxic electrophilic and free-
radical reactive intermediates such as BPDE, that can 
irreversibly damage DNA by non-covalent intercalation 
and covalent bounding or oxidation (33,34). One pathway 
of BPDE covalent action leads to formation of covalent 
adduct primarily with the exocyclic amino-group of gGUO; 
the second pathway is a DNA-dependent hydrolysis of 
the diol-epoxide to tetrols (35-37). The determination of 
DNA adduct structures has been of critical importance 
to determine the repair mechanisms of BPDE-dependent 
DNA lesions, for what NER proved to be the pathway of 
choice (38).

DNA lesions are immediately followed by 
DNA repair (39). The choice of a specific DNA repair 
pathway usually depends on the type of DNA damage; 

Figure 1. Removal of toxic compounds.
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the relationship between lesion type and mechanism 
of repair could be summarize as follow: mismatches 
or structural abnormalities at the replication forks are 
repaired by the mismatch repair pathway; DSBs are 
repaired by homologous recombination; damaged 
bases are repaired by BER; NER occurs in case of 
bulky DNA lesions which are exclusively repaired by 
nucleotide excision repair (40). The majority of physical 
and chemical carcinogens (except for ionizing radiations 
and most alkylating agents) produce bulky lesions. The 
vast majority of cancers of head and neck region (nasal 
cavity, sinuses, lips, mouth, salivary glands, throat, or 
larynx) are squamous cell carcinomas, beginning in the 
squamous cells that line the moist surfaces inside the 
head and neck. Tobacco use (including “passive smoke”), 
together with alcohol consumption and HPV infection, 
is an important risk factor for head and neck cancers, 
with a particular predilection of oral cavity, oropharynx, 
hypopharynx and larynx districts (41,42). Head and 
neck cancers account for approximately 3 percent of all 
cancers in the United States, where it has been estimated 
that about 52,000 individuals of both sexes have 
been diagnosed of HNC in 2012 (43). Epidemiological 
studies have correlated tobacco smoking habit with less 
efficient DNA repair (44-46) indeed it has been shown 
also experimentally that a less efficient DNA repair in 
circulating lymphocytes correlates with an increased risk 
of developing HNC, in a dose-dependent manner (47). 
Lymphoblastoid cell lines obtained from HNC patients 
had minor alterations in DNA repair function, however the 
mutagen sensitivity correlated with NER capacity (48). 
Correlation between reduced NER associated DRC (DNA 
repair capacity) and increased risk to develop cancer has 
been reviewed elsewhere (40).

5. NUCLEOTIDE EXCISION REPAIR (NER)

Mismatches between the strands of DNA are 
among the major targets for repair systems and are usually 
corrected by excision repair. Base excision repair (BER) 
systems directly remove the damaged base and replace 
it in DNA, while nucleotide excision repair (NER) systems 
excise a sequence that includes the damaged base or 
bases replacing it with a stretch of newly synthesized 
DNA. As a general consideration, we might say that most 
cells possess four different categories of DNA repair 
system: Direct, Excision, Mismatch and Recombination 
repair systems. The “Direct” repair systems act directly 
on damaged nucleotides, converting each one back to its 
original structure. The “Excision” repair involves excision 
of a segment of the polynucleotide containing a damaged 
site, followed by resynthesis of the correct nucleotide 
sequence by a DNA polymerase. The “Mismatch” repair 
corrects errors of replication, again excising a stretch of 
single-stranded DNA containing the mutated nucleotide 
and then repairing the resulting gap. Finally, the 
“Recombination” repair is used to correct double-strand 
breaks (49).

Nucleotide excision repair removes a broad 
spectrum of DNA damages excising and resynthesizing 
a region of a polynucleotide (50,51). The NER process 
differs from base excision repair because it is not 
preceded by selective base removal and a longer 
stretch of polynucleotide is excised; showing, therefore, 
a much broader specificity. Chromatin rearrangements 
occur during NER; the first evidence came from the 
in vivo observation that the nuclease accessibility of 
DNA is modulated during UV-induced DNA synthesis 
in mammalian cells (52,53). We recognize two types 
of NER: the transcription coupled nucleotide excision 
repair (TC-NER), and the global genome nucleotide 
excision repair (GG-NER). TC-NER is strictly associated 
to transcription and its activation involves the RNA 
polymerase II while GG-NER activation is unrelated to 
transcription. The repair via nucleotide excision of the 
transcribed strand of double helix is generally much 
faster than untranscribed regions of the genomes maybe 
because in the first one act both the TC-NER and the 
GG-NER (51).

At the molecular level, we could summarize 
the core events of NER mechanism as follow (54): (I) 
Whenever a DNA lesion, distorting the double helix, 
occurs, XPC–hHR23B senses the distortion in GG–
NER leading to conformational alterations of the DNA. 
In transcription-coupled repair (TC–NER) lesions 
are detected by elongating RNA Pol II blocked by, 
e.g., CPDs. (II) Once XPC–hHR23B binds to distorted 
helix, it attracts at lesion TFIIH (and possibly XPG). TFIIH 
creates a 10- to 20-nucleotide opened DNA complex 
around the lesion by virtue of its helicases XPB and 
XPD; this step requires ATP. Once the helix has been 
opened by helicases, XPC–hHR23B may be released at 
this or one of the subsequent stages. In TC-NER CSA, 
CSB, TFIIH, XPG, and possibly other cofactors displace 
the stalled Pol II from the lesion, which now becomes 
accessible for further repair processing. (III) XPA and 
RPA stabilize the 10- to 20-nucleotide opening, create by 
TFIIH, and drive the position of other factors. XPA binds 
to the damaged nucleotides, RPA to the undamaged DNA 
strand. The RPA stretching formation plays an important 
role in full open complex formation stabilized by XPG. 
(IV) XPG, positioned by TFIIH and RPA, makes the 3′ 
incision, while ERCC1–XPF, positioned by RPA and XPA, 
makes the second incision 5′ of the lesion. (V) Finally, the 
dual incision is followed by gap-filling DNA synthesis and 
ligation.

For a comprehensive list of NER involved 
genes please refers to Table 1. The actual knowledge 
about the NER process is based on both in vitro and 
in vivo experiments; the first ones take advantages of 
the ability of yeast, xenopus, drosophila or eukaryotic 
cell free extracts to ricapitulate in vitro all the aspects of 
DNA damage repair process by using as DNA source 
tipically a molecule of naked DNA previously exposed to 
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DNA damage agents (e.g. UVC light) (55-58). Although 
this approach has unveiled many of the molecular details 
of NER apparatus and function, it is of great interest to 
consider the NER process within the chromatin context, a 
condition closer to what we may expect to happen within 
a living cell; the in vivo experiments, carried out mainly 
in cultured cells, have provided most informations to this 
point (59-61). An insight on how GG-NER works in the 
context of chromatin has been recently provided by Yu 
et al. showing how GG-NER drives UV-induced chromatin 
remodelling by controlling histone H3 acetylation levels 
in chromatin (62). The hierarchical activation of NER 
machinery proteins follows the so-called ARR model, a 
complex network of chromatin modifying, remodelling, 
assembly factors, signalling pathways and repair proteins, 
postulated by Smerdon in 1991 (63,64). ARR stands for 
Activation, Repair and Restore; this model recognises, 
in fact, three consecutive steps in the repair process: 
sensing the damage with subsequent activation of the 
machinery, the repair process itself and a recovery step 
during which chromatin is repacked and reconducted 
to the original state (59,63,65,66). General ARR model 
involves Chromatin remodelling/Modification factors 
(that allow the repair factors the access to chromatin), 
the Repair machinery (responsible for the repair itself), 
and the Chromatin assembly factors (responsible for the 
restitutio ad integrum of the chromatin).

6. EVIDENCES OF NER INVOLVEMENT IN HNC

The risk of squamous cell carcinoma of Head 
and Neck has been associated with poor DNA repair 
phenotype in response to benzo(a) pyrene diol epoxide, 
a carcinogen released by tobacco smoke (47,68-70). 
The efficiency of NER DNA repair capacity is significantly 
affected by polymorphisms in NER genes (71). During 
last decade, several published research article reported 
a significant correlation between polymorphisms of 
NER genes and increased risk of HNSCC (72-90); 
fewer reports can be found about relationship between 
NER genes polymorphisms and progression of H&N 
cancer (88), outcome of advanced-stage tumors (91), 
response to radiotherapy (especially in combination with 
RAD 51 polymorphisms) (92) and to cisplatin-based 
chemotherapy (93), progression of the disease (94). 
Genetically determined NER DNA repair capacity may 
modulate not only cancer risk, but also prognosis: 
an increased risk of second primary malignancy in 
patients with SCCHN has been associated to NER 
genes SNP (95), as well as susceptibility to recurrence 
of HNSCC (96). Sometimes, a single polymorphic allele 
proved not to be associated with an increased risk 
of HNSCC, on the contrary a combination of alleles, 
such as having both ERCC1 809CC and ERCC2/XPD 
23591A alleles, statistically associates to increased risk 
of SCCHN (81). Association with NER genes SNPs, 
cigarette smoking and risk of Head and Neck cancer has 
also been evaluated (97-99). Expression studies have also 

Table 1. Human NER associated genes as 
reviewed in (67). Nucleotide excision repair (NER) 
associated genes

Nucleotide 
excision 

repair (NER) 
associated genes
(XP = xeroderma 
pigmentosum)

Gene associated function Locus

XPC Binds DNA distortions
XPC, RAD23B, CETN2

3p25.1.

RAD23B 9q31.2.

CETN2 Xq28

RAD23A Substitutes for RAD23B 19p13.1.3.

XPA Binds damaged DNA in preincision 
complex

9q22.3.3.

DDB1 Complex defective in XP group E
DDB1, DDB2

11q12.2.

DDB2 (XPE) 11p11.2.

RPA1 Binds DNA in preincision complex
RPA1, RPA2, RPA3

17p13.3.

RPA2 1p35.3.

RPA3 7p21.3.

TFIIH Catalyzes unwinding in preincision 
complex

ERCC3 (XPB) 3’ to 5’ DNA helicase 2q14.3.

ERCC2 (XPD) 5’ to 3’ DNA helicase 19q13.3.2.

GTF2H1 Core TFIIH subunit p62 11p15.1.

GTF2H2 Core TFIIH subunit p44 5q13.2.

GTF2H3 Core TFIIH subunit p34 12q24.3.1.

GTF2H4 Core TFIIH subunit p52 6p21.3.3.

GTF2H5 (TTDA) Core TFIIH subunit p8 6p25.3.

CDK7 Kinase subunits of TFIIH
CDK7, CCNH, MNAT17. Chromatin 
dynamics at DNA replication and 
DNA damage sites.

5q13.2.

CCNH 5q14.3.

MNAT1 14q23.1.

ERCC5 (XPG) 3’ incision 13q33.1.

ERCC1 5’ incision DNA binding subunit 19q13.3.2.

ERCC4 (XPF) 5’ incision catalytic subunit 16p13.1.2.

LIG1 DNA ligase 19q13.3.2.

NER-related

ERCC8 (CSA) Cockayne syndrome and 
UV-Sensitive Syndrome; Needed 
for transcription-coupled NER
ERCC8, ERCC6, UV-sensitive 
syndrome

5q12.1.

ERCC6 (CSB) 10q11.2.3.

UVSSA (KIAA1530) 4p16.3.

XAB2 (HCNP) XAB2 19p13.2.

MMS19 Iron-sulfur cluster loading and 
transport

10q24.1.
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been performed in order to correlate abundance of NER 
proteins to survival in HNSCC (100), and as a marker of 
susceptibility to HNSCC (101). An increased expression 
of NER proteins has been found in metastases of 
SCCHN, probably contributing to resistance to cisplatin-
based chemotherapy (102). A significant association has 
been found between risk of oral premalignant lesions and 
SNPs of several NER genes, this further confirming the 
strict relationship between impairment of NER process 
and development of HNSCC (103).

7. CHROMATIN DYNAMICS AT DNA 
REPLICATION AND DNA DAMAGE SITES

Great attention has been paid on the role of 
chromatin dynamics as critical determinants in many 
nuclear events and in pathological conditions such 
as tumor development and progression (104,105). 
Whichever is the metabolic process involving the DNA 
molecule, it should always be considered in the chromatin 
context. Within the cell, the nuclear DNA is tightly 
packaged in the chromatin structure. The nucleosome 
is the fundamental unit of chromatin and it is composed 
of an octamer of the four core histones (H3, H4, H2A, 
H2B), around which 147 base pairs of DNA are wrapped. 
DNA packaging follows several orders of wrapping and 
is fundamental for the maintenance of the genome 
stability regulating the DNA-based activities as DNA 
replication, transcription and repair. Chromatin structure 
poses structural constraints likely to challenge vital 
processes like DNA replication and repair(106); detection 
and repair of DNA lesions, as much as recognition 
and activation of replication origins and progression of 
replication forks, are in fact some of the processes than 
more than others have to cope with the several orders 
of chromatin packaging (106,107). The relationship 
between the nucleosomes and the DNA damage repair 
process is controversial: first (in vitro) studies showed, 
in fact, an inhibitory effect of nucleosomes on the repair 
process (108) while in vivo studies seem to show the 
opposite (109,110), thus confirming the importance of a 
chromatin remodeling activity.

A current challenge is to understand how to 
integrate chromatin structure within the scheme of DNA 
repair and how it is associated with maintenance (or loss) 
of epigenetic information (64). Together with the genome 
instability, in fact, every living cells has to cope also with 
the epigenomic instability, whose consequences are not 
less dramatic than the first one. A major unresolved issue 
related to histone dynamics within damaged chromatin is 
whether preexisting nucleosomal histones are replaced 
by new histones within damaged chromatin or if they are 
recycled. It remains unknown how restoration of chromatin 
structure is achieved in vivo. Histone chaperons plays 
a critical role in maintaining and regulating chromatin 
structure driving histones deposition. Among the histone 
chaperones, the best known is CAF-1 (Chromatin 

Assembly Factor-1) a heterotrimeric complex, formed 
by p48, p60 and p150 subunits, that plays a pivotal role 
in the epigenetic regulation of chromatin assembly and 
participates in the DNA damage repair, too. During the S 
phase of the eukaryotic cell cycle, the newly replicated 
DNA is rapidly assembled into chromatin. CAF-1 
mediates the deposition of newly synthesised histones 
H3 and H4 onto nascent DNA and their assembly into 
nucleosomes, by PCNA association (111). CAF-1 was 
first described as a chromatin protein for which a DNA 
repair role was subsequently discovered (112,113); it 
is required for nucleosome assembly coupled to DNA 
repair and experiments in yeasts have shown that yeast 
mutants are UV sensitive (114,115).

Another histone chaperone involved in 
chromatin assembly is Asf-1 that has been described 
to synergize with CAF-1 following DNA replication or 
NER (116).

8. CAF-1 AND NER

Most of our knowledge about NER system 
is about activation and repair, less is known about the 
restore step. Recovery from Nucleotide excision repair 
mechanism involves several chromatin modifiers and, 
among them, the most studied is CAF-1. Of particular 
interest is to consider the role of CAF-1 during the 
NER, emphasizing the recovery process since CAF-1 
drives histones repositioning after repair. CAF-1 
complex, initially described as a replication-dependent 
chromatin assembly factor (117,118), has been widely 
associated to UV-repair by NER. Studies in vitro have 
shown that the complex is required for the assembly of 
nucleosomes around a repair site in a PCNA-dependent 
manner (65,113), CAF-1 and PCNA are, in fact, recruited 
to chromatin in UV-damaged cells (119); in particular, a 
phosphorylated form of CAF-1 is recruited to chromatin 
following UV exposure, as demonstrated in cell 
cultures (119). S. Cerevisiae lacking CAF, are sensitive to 
UV light (114,115). In order to drive chromatin assembly, 
CAF-1 complex binds post-translational modified histones 
H3.1. and H4, in particular has been shown that CAF-1 
is associated with acetylated forms of histones H3.1. and 
H4 (117,120). A proficient CAF-1 function and NER are 
required for a stable de novo incorporation of histone 
H3.1. at sites of UV damage. Following deposition, 
histones H3 and H4 are rapidly deacetylated and 
although CAF-1 has never been demonstrated to act as 
a deacetylase, the p48 subunit of CAF-1 has been shown 
to associate with deacetylated activity (118). Several 
histones post-translational modifications identify sites of 
DNA within the chromatin, among them are ubiquitylated 
H2A foci (121). CAF-1 localizes to gH2AX sites and 
knockdown of CAF-1 p60 abolished CAF-1 as well 
gH2AX foci formation. Moreover, CAF-1 p150 was found 
to associate with NER factors TFTIIR,1q23, RPAp70, 
PCNA in chromatin. Successful NER of genomic lesions 
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and prompt CAF-1 mediated chromatin restoration link 
gH2AX incorporation to the sites of damage repair within 
chromatin (122). In S. Cerevisiae Rad53 controls the 
degradation of excess histones, in order to avoid their 
accumulation in cells (123); in mammalian cells, the 
CUL4-DDB-ROC1 ubiquitin ligase recently was found 
to mediate UV-induced H3 and H4 ubiquitination and 
facilitate nucleosome eviction (124).

9. CAF1 AND CANCERS OF HEAD AND NECK

CAF-1 involvement in several human cancers 
has been well documented. A large body of literature 
demonstrates that CAF-1 overexpression correlates with 
higher aggressiveness and poor prognosis. The nuclear 
expression of CAF-1 p60 is particularly increased in 
multiple types of cancer, proportionally to their adverse 
clinical behavior (125-129). Expression of CAF-p60 
and p150 subunits, evaluated by IHC, has been found 
increased in tongue SCC (125) and salivary gland 
tumors (129); moreover, the over-expression of CAF-1 p60 
subunit, together with cancer stem cell marker expression 
(eg Nestin) predicts the metastasizing behavior of oral 
cancer (130). CAF-1 subunits IHC expression in head 
and neck cancers has been conveniently investigated 
also by TMA technique (130).

The peculiar function of Chromatin assembly 
factors make them ideal candidates for a new therapeutic 
approach to treat malignant neoplasia; in particular, 
CAF-1 p60 has recently emerged as a promising target, 
inhibition of which could lead to cell death in aggressive 
tumors (125,127,129). Epigenetic alterations, especially 
the histone modifications, influence cellular metabolism 
and mainly affect the chromatin structure. The epigenetic 
inheritance includes DNA methylation, RNA-mediated 
silencing and histone modifications, although DNA 
methylation and histone acetylation are among the 
most frequent epigenetic modifications observed both 
in normal and neoplastic cells, the disruption of any of 
these three distinct and mutually reinforcing epigenetic 
mechanisms leads to an inappropriate gene expression, 
resulting in cancer development and other ‘epigenetic 
diseases’ (131,132). Chromatin assembly factors, such 
as CAF-1, are crucial for cell survival and to preserve the 
integrity of the genome. In the present review we focused 
mainly on the role of CAF-1 in the NER process in the 
chromatin environment; we specifically focused on the 
restore process, that in the hierarchical ordered events 
of the NER repair process, is the only chance the cell 
has to recover from the cell cycle checkpoints activation 
and reload the normal cell cycle machinery, following the 
restitutio ad integrum of the nuclear chromatin. Failing to 
do that means dramatic consequences to the cell fate. 
A better understanding of basic mechanisms underlying 
the DNA damage response, particularly involving 
nucleotide excision repair, especially in the chromatin 
context, will provide us with new promising way to bypass 

the repair block, possibly becoming an unexpected 
mode of “transversal” control also of the proliferative 
dysregulation, classically observed in HNSCC.

10. ACKNOWLEDGMENTS

Francesco Merolla, Massimo Mascolo, 
contributed equally to this work. We thank Dr. Amanda 
Tedeschi for the editing of the English style.

11. REFERENCES

1. M Hashibe, P Brennan, S Benhamou, X 
Castellsague, C Chen, MP Curado, L Dal 
Maso, AW Daudt, E Fabianova, L Fernandez, 
V Wünsch-Filho, S Franceschi, RB Hayes, R 
Herrero, S Koifman, C La Vecchia, P Lazarus, 
F Levi, D Mates, E Matos, A Menezes, J 
Muscat, J Eluf-Neto, AF Olshan, P Rudnai, SM 
Schwartz, E Smith, EM Sturgis, N Szeszenia-
Dabrowska, R Talamini, Q Wei, DM Winn, D 
Zaridze, W Zatonski, Z-F Zhang, J Berthiller, 
P Boffetta. Alcohol drinking in never users of 
tobacco, cigarette smoking in never drinkers, 
and the risk of head and neck cancer: pooled 
analysis in the International Head and Neck 
Cancer Epidemiology Consortium. J Natl 
Cancer Inst 99, 777–89. (2007)
DOI: 10.1093/jnci/djk179

2. ML Gillison, WM Koch, RB Capone, M 
Spafford, WH Westra, L Wu, ML Zahurak, RW 
Daniel, M Viglione, DE Symer, K V Shah, D 
Sidransky. Evidence for a causal association 
between human papillomavirus and a subset 
of head and neck cancers. J Natl Cancer Inst 
92, 709–20. (2000)
DOI: 10.1093/jnci/92.9.709

3. ML Gillison, G D’Souza, W Westra, E Sugar, 
W Xiao, S Begum, R Viscidi. Distinct risk 
factor profiles for human papillomavirus type 
16-positive and human papillomavirus type 
16-negative head and neck cancers. J Natl 
Cancer Inst 100, 407–20. (2008)
DOI: 10.1093/jnci/djn025

4. G D’Souza, AR Kreimer, R Viscidi, M Pawlita, 
C Fakhry, WM Koch, WH Westra, ML Gillison. 
Case-control study of human papillomavirus 
and oropharyngeal cancer. N Engl J Med 356, 
1944–56. (2007)
DOI: 10.1056/NEJMoa065497

5. KM Applebaum, CS Furniss, A Zeka, MR 
Posner, JF Smith, J Bryan, EA Eisen, ES 
Peters, MD McClean, KT Kelsey. Lack of 

http://dx.doi.org/10.1093/jnci/djk179
http://dx.doi.org/10.1093/jnci/92.9.709
http://dx.doi.org/10.1093/jnci/djn025
http://dx.doi.org/10.1056/NEJMoa065497


NER and HNSCC

 62 © 1996-2016

association of alcohol and tobacco with 
HPV16-associated head and neck cancer. J 
Natl Cancer Inst 99, 1801–10. (2007)
DOI: 10.1093/jnci/djm233

6. CR Pickering, JH Zhou, JJ Lee, JA 
Drummond, SA Peng, RE Saade, KY Tsai, JL 
Curry, MT Tetzlaff, SY Lai, J Yu, DM Muzny, 
H Doddapaneni, E Shinbrot, KR Covington, 
J Zhang, S Seth, C Caulin, GL Clayman, 
AK El-Naggar, RA Gibbs, RS Weber, JN 
Myers, DA Wheeler, MJ Frederick. Mutational 
Landscape of Aggressive Cutaneous 
Squamous Cell Carcinoma. Clin Cancer Res 
(2014)
DOI: 10.1158/1078-0432.CCR-14-1768

7. S Marur, G D’Souza, WH Westra, AA 
Forastiere. HPV-associated head and neck 
cancer: a virus-related cancer epidemic. 
Lancet Oncol 11, 781–9. (2010)
DOI: 10.1016/S1470-2045(10)70017-6

8. India Project Team of the International Cancer 
Genome Consortium. Mutational landscape of 
gingivo-buccal oral squamous cell carcinoma 
reveals new recurrently-mutated genes and 
molecular subgroups. Nat. Commun. 4, 2873 
(2013)

9. DA Gaykalova, E Mambo, A Choudhary, 
J Houghton, K Buddavarapu, T Sanford, 
W Darden, A Adai, A Hadd, G Latham, L 
V Danilova, J Bishop, RJ Li, WH Westra, 
P Hennessey, WM Koch, MF Ochs, JA 
Califano, W Sun. Novel insight into mutational 
landscape of head and neck squamous cell 
carcinoma. PLoS One 9, e93102. (2014)
DOI: 10.1371/journal.pone.0093102

10. N Stransky, AM Egloff, AD Tward, AD Kostic, 
K Cibulskis, A Sivachenko, G V Kryukov, MS 
Lawrence, C Sougnez, A McKenna, E Shefler, 
AH Ramos, P Stojanov, SL Carter, D Voet, ML 
Cortés, D Auclair, MF Berger, G Saksena, C 
Guiducci, RC Onofrio, M Parkin, M Romkes, 
JL Weissfeld, RR Seethala, L Wang, C 
Rangel-Escareño, JC Fernandez-Lopez, 
A Hidalgo-Miranda, J Melendez-Zajgla, W 
Winckler, K Ardlie, SB Gabriel, M Meyerson, 
ES Lander, G Getz, TR Golub, LA Garraway, 
JR Grandis, ML Cortes, C Rangel-Escareno. 
The mutational landscape of head and neck 
squamous cell carcinoma. Science 333, 
1157–60. (2011)
DOI: 10.1126/science.1208130

11. G Rizzo, M Black, J Mymryk, J Barrett, A 
Nichols. Defining the genomic landscape 
of head and neck cancers through 
next-generation sequencing. Oral Dis 
Jan;21(1):e11-24 (2014)

12. TNM Classification of Malignant Tumours. 
(2011)

13. J-P Pignon, A le Maître, E Maillard, J Bourhis. 
Meta-analysis of chemotherapy in head and 
neck cancer (MACH-NC): an update on 
93 randomised trials and 17,346 patients. 
Radiother Oncol 92, 4–14. (2009)
DOI: 10.1016/j.radonc.2009.04.014

14. JS Cooper, TF Pajak, AA Forastiere, J 
Jacobs, BH Campbell, SB Saxman, JA Kish, 
HE Kim, AJ Cmelak, M Rotman, M Machtay, 
JF Ensley, KSC Chao, CJ Schultz, N Lee, KK 
Fu. Postoperative concurrent radiotherapy 
and chemotherapy for high-risk squamous-
cell carcinoma of the head and neck. N Engl J 
Med 350, 1937–44. (2004)
DOI: 10.1056/NEJMoa032646

15. M Ansarin, L Santoro, A Cattaneo, MA 
Massaro, L Calabrese, G Giugliano, F Maffini, 
A Ostuni, F Chiesa. Laser surgery for early 
glottic cancer: impact of margin status on 
local control and organ preservation. Arch 
Otolaryngol Head Neck Surg 135, 385–90. 
(2009)
DOI: 10.1001/archoto.2009.10

16. J Bernier, C Domenge, M Ozsahin, K 
Matuszewska, J-L Lefèbvre, RH Greiner, 
J Giralt, P Maingon, F Rolland, M Bolla, F 
Cognetti, J Bourhis, A Kirkpatrick, M van 
Glabbeke. Postoperative irradiation with or 
without concomitant chemotherapy for locally 
advanced head and neck cancer. N Engl J 
Med 350, 1945–52. (2004)
DOI: 10.1056/NEJMoa032641

17. J Bernier, JS Cooper, TF Pajak, M van 
Glabbeke, J Bourhis, A Forastiere, EM Ozsahin, 
JR Jacobs, J Jassem, K-K Ang, JL Lefèbvre. 
Defining risk levels in locally advanced head 
and neck cancers: a comparative analysis 
of concurrent postoperative radiation plus 
chemotherapy trials of the EORTC (#22931) 
and RTOG (# 9501). Head Neck 27, 843–50. 
(2005)
DOI: 10.1002/hed.20279

18. Y Pointreau, P Garaud, S Chapet, C Sire, C 
Tuchais, J Tortochaux, S Faivre, S Guerrif, 

http://dx.doi.org/10.1093/jnci/djm233
http://dx.doi.org/10.1158/1078-0432.CCR-14-1768
http://dx.doi.org/10.1016/S1470-2045(10
http://dx.doi.org/10.1371/journal.pone.0093102
http://dx.doi.org/10.1126/science.1208130
http://dx.doi.org/10.1016/j.radonc.2009.04.014
http://dx.doi.org/10.1056/NEJMoa032646
http://dx.doi.org/10.1001/archoto.2009.10
http://dx.doi.org/10.1056/NEJMoa032641
http://dx.doi.org/10.1002/hed.20279


NER and HNSCC

 63 © 1996-2016

M Alfonsi, G Calais. Randomized trial of 
induction chemotherapy with cisplatin and 
5-fluorouracil with or without docetaxel for 
larynx preservation. J Natl Cancer Inst 101, 
498–506. (2009)
DOI: 10.1093/jnci/djp007

19. J-L Lefebvre, KK Ang. Larynx preservation 
clinical trial design: key issues and 
recommendations--a consensus panel 
summary. Head Neck 31, 429–41. (2009)
DOI: 10.1002/hed.21081

20. Induction chemotherapy plus radiation 
compared with surgery plus radiation in 
patients with advanced laryngeal cancer. The 
Department of Veterans Affairs Laryngeal 
Cancer Study Group. N. Engl. J. Med. 324, 
1685–90 (1991)
DOI: 10.1056/NEJM199106133242402

21. MR Posner, CM Norris, LJ Wirth, DM Shin, 
KJ Cullen, EW Winquist, CR Blajman, EA 
Mickiewicz, GP Frenette, LF Plinar, RB Cohen, 
LM Steinbrenner, JM Freue, VA Gorbunova, 
SA Tjulandin, LE Raez, DR Adkins, RB 
Tishler, MR Roessner, RI Haddad. Sequential 
therapy for the locally advanced larynx and 
hypopharynx cancer subgroup in TAX 324: 
survival, surgery, and organ preservation. 
Ann Oncol 20, 921–7. (2009)
DOI: 10.1093/annonc/mdn752

22. P Blanchard, J Bourhis, B Lacas, MR Posner, 
JB Vermorken, JJC Hernandez, A Bourredjem, 
G Calais, A Paccagnella, R Hitt, J-P Pignon. 
Taxane-cisplatin-fluorouracil as induction 
chemotherapy in locally advanced head and 
neck cancers: an individual patient data meta-
analysis of the meta-analysis of chemotherapy 
in head and neck cancer group. J Clin Oncol 
31, 2854–60. (2013)
DOI: 10.1200/JCO.2012.47.7802

23. JLJ Hunt, L Barnes, JL Jr, JS Lewis, ME 
Mahfouz, PJ Slootweg, LDR Thompson, 
A Cardesa, KO Devaney, DR Gnepp, 
WH Westra, JP Rodrigo, JA Woolgar, A 
Rinaldo, A Triantafyllou, RP Takes, A Ferlito. 
Molecular diagnostic alterations in squamous 
cell carcinoma of the head and neck and 
potential diagnostic applications. Eur Arch 
Otorhinolaryngol 271, 211–23. (2014)
DOI: 10.1007/s00405-013-2400-9

24. ML Poeta, J Manola, MA Goldwasser, A 
Forastiere, N Benoit, JA Califano, JA Ridge, J 

Goodwin, D Kenady, J Saunders, W Westra, 
D Sidransky, WM Koch. TP53 mutations and 
survival in squamous-cell carcinoma of the 
head and neck. N Engl J Med 357, 2552–61. 
(2007)
DOI: 10.1056/NEJMoa073770

25. VMM van Houten, CR Leemans, JA Kummer, 
J Dijkstra, DJ Kuik, MWM van den Brekel, GB 
Snow, RH Brakenhoff. Molecular diagnosis 
of surgical margins and local recurrence in 
head and neck cancer patients: a prospective 
study. Clin Cancer Res 10, 3614–20. (2004)
DOI: 10.1158/1078-0432.CCR-03-0631

26. KK Ang, BA Berkey, X Tu, H-Z Zhang, R Katz, 
EH Hammond, KK Fu, L Milas. Impact of 
epidermal growth factor receptor expression 
on survival and pattern of relapse in patients 
with advanced head and neck carcinoma. 
Cancer Res 62, 7350–6. (2002)

27. R a Burrell, N McGranahan, J Bartek, C 
Swanton. The causes and consequences of 
genetic heterogeneity in cancer evolution. 
Nature 501, 338–345. (2013)
DOI: 10.1038/nature12625

28. JH Hoeijmakers. Genome maintenance 
mechanisms for preventing cancer. Nature 
411, 366–374. (2001)
DOI: 10.1038/35077232

29. D Hanahan, RA Weinberg. Hallmarks of 
cancer: The next generation. Cell 144, 646–
674. (2011)
DOI: 10.1016/j.cell.2011.02.013

30. C Lengauer, KW Kinzler, B Vogelstein. Genetic 
instability in colorectal cancers. Nature 386, 
623–627. (1997)
DOI: 10.1038/386623a0

31. L Luzzatto. Somatic mutations in cancer 
development. Env Heal 10 Suppl 1, S12. 
(2011)
DOI: 10.1186/1476-069X-10-S1-S12

32. S Negrini, VG Gorgoulis, TD Halazonetis. 
Genomic instability--an evolving hallmark of 
cancer. Nat Rev Mol Cell Biol 11, 220–228. 
(2010)
DOI: 10.1038/nrm2858

33. MC MacLeod, M Tang. Interactions of 
benzo(a)pyrene diol-epoxides with linear and 
supercoiled DNA. Cancer Res 45, 51–56. 
(1985)

34. M Cosman, C de los Santos, R Fiala, BE 

http://dx.doi.org/10.1093/jnci/djp007
http://dx.doi.org/10.1002/hed.21081
http://dx.doi.org/10.1056/NEJM199106133242402
http://dx.doi.org/10.1093/annonc/mdn752
http://dx.doi.org/10.1200/JCO.2012.47.7802
http://dx.doi.org/10.1007/s00405-013-2400-9
http://dx.doi.org/10.1056/NEJMoa073770
http://dx.doi.org/10.1158/1078-0432.CCR-03-0631
http://dx.doi.org/10.1038/nature12625
http://dx.doi.org/10.1038/35077232
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1038/386623a0
http://dx.doi.org/10.1186/1476-069X-10-S1-S12
http://dx.doi.org/10.1038/nrm2858


NER and HNSCC

 64 © 1996-2016

Hingerty, SB Singh, V Ibanez, LA Margulis, 
D Live, NE Geacintov, S Broyde. Solution 
conformation of the major adduct between 
the carcinogen (+)-anti-benzo(a)pyrene diol 
epoxide and DNA. Proc Natl Acad Sci U S A 
89, 1914–1918. (1992)
DOI: 10.1073/pnas.89.5.1914

35. NE Geacintov, H Yoshida, V Ibanez, RG 
Harvey. Noncovalent binding of 7 beta, 8 
alpha-dihydroxy-9 alpha, 10 alpha-epoxytetra 
hydrobenzo(a)pyrene to deoxyribonucleic 
acid and its catalytic effect on the hydrolysis 
of the diol epoxide to tetrol. Biochemistry 21, 
1864–1869. (1982)
DOI: 10.1021/bi00537a025

36. MC MacLeod, BK Mansfield, JK Selkirk. 
Covalent binding of isomeric benzo(a)pyrene 
diol-epoxides to DNA. Carcinogenesis 3, 
1031–1037. (1982)
DOI: 10.1093/carcin/3.9.1031

37. MC MacLeod, JK Selkirk. Physical interactions 
of isomeric benzo (a) pyrene diol-epoxides 
with DNA. Carcinogenesis 3, 287–292. (1982)
DOI: 10.1093/carcin/3.3.287

38. MS Tang, JR Pierce, RP Doisy, ME Nazimiec, 
MC MacLeod. Differences and similarities in 
the repair of two benzo(a)pyrene diol epoxide 
isomers induced DNA adducts by uvrA, uvrB, 
and uvrC gene products. Biochemistry 31, 
8429–8436. (1992)
DOI: 10.1021/bi00151a006

39. GJS Jenkins, Z Zaïr, GE Johnson, SH 
Doak. Genotoxic thresholds, DNA repair, 
and susceptibility in human populations. 
Toxicology 278, 305–310. (2010)
DOI: 10.1016/j.tox.2009.11.016

40. S Benhamou, A Sarasin. Variability in 
nucleotide excision repair and cancer risk: a 
review. Mutat Res 462, 149–58. (2000)
DOI: 10.1016/S1383-5742(00)00032-6

41. P Boffetta, S Hecht, N Gray, P Gupta, K Straif. 
Smokeless tobacco and cancer. Lancet Oncol 
9, 667–675. (2008)
DOI: 10.1016/S1470-2045(08)70173-6

42. S Gandini, E Botteri, S Iodice, M Boniol, AB 
Lowenfels, P Maisonneuve, P Boyle. Tobacco 
smoking and cancer: a meta-analysis. Int J 
Cancer 122, 155–164. (2008)
DOI: 10.1002/ijc.23033

43. A Jemal, R Siegel, J Xu, E Ward. Cancer 

statistics, 2010. CA Cancer J Clin 60, 277–
300. (2010)
DOI: 10.3322/caac.20073

44. RB Everson, E Randerath, RM Santella, RC 
Cefalo, TA Avitts, K Randerath. Detection of 
smoking-related covalent DNA adducts in 
human placenta. Science 231, 54–57. (1986)
DOI: 10.1126/science.3941892

45. FP Perera, RM Santella, D Brenner, MC 
Poirier, AA Munshi, HK Fischman, J Van Ryzin. 
DNA adducts, protein adducts, and sister 
chromatid exchange in cigarette smokers and 
nonsmokers. J Natl Cancer Inst 79, 449–456. 
(1987)

46. Q Wei, J Gu, L Cheng, ML Bondy, H Jiang, 
WK Hong, MR Spitz. Benzo(a)pyrene diol 
epoxide-induced chromosomal aberrations 
and risk of lung cancer. Cancer Res 56, 
3975–3979. (1996)

47. L Cheng, SA Eicher, Z Guo, WK Hong, MR 
Spitz, Q Wei, QW Lie Cheng, Susan A. Eicher, 
Zhaozheng Guo, Waun Ki Hong, Margaret R. 
Spitz. Reduced DNA repair capacity in head 
and neck cancer patients. Cancer Epidemiol 
Biomarkers Prev 7, 1–5. (2005)

48. EM Sturgis, GL Clayman, Y Guan, Z Guo, Q 
Wei. DNA repair in lymphoblastoid cell lines 
from patients with head and neck cancer. 
Arch Otolaryngol Head Neck Surg 125, 185–
90. (1999)
DOI: 10.1001/archotol.125.2.185

49. RG Hadley, AR Eaglesham, AA Szalay. 
Conservation of DNA regions adjacent to 
nifKDH homologous sequences in diverse 
slow-growing Rhizobium strains. J Mol Appl 
Genet 2, 225–36. (1983)

50. C Petit, A Sancar. Nucleotide excision repair: 
from E. coli to man. Biochimie 81, 15–25. 
(1999)
DOI: 10.1016/S0300-9084(99)80034-0

51. T Nouspikel. Nucleotide excision repair: 
Variations on versatility. Cell Mol Life Sci 66, 
994–1009. (2009)
DOI: 10.1007/s00018-009-8737-y

52. MJ Smerdon, MW Lieberman. Nucleosome 
rearrangement in human chromatin during 
UV-induced DNA- reapir synthesis. Proc Natl 
Acad Sci U S A 75, 4238–4241. (1978)
DOI: 10.1073/pnas.75.9.4238

53. MJ Smerdon, TD Tlsty, MW Lieberman. 

http://dx.doi.org/10.1073/pnas.89.5.1914
http://dx.doi.org/10.1021/bi00537a025
http://dx.doi.org/10.1093/carcin/3.9.1031
http://dx.doi.org/10.1093/carcin/3.3.287
http://dx.doi.org/10.1021/bi00151a006
http://dx.doi.org/10.1016/j.tox.2009.11.016
http://dx.doi.org/10.1016/S1383-5742(00
http://dx.doi.org/10.1016/S1470-2045(08
http://dx.doi.org/10.1002/ijc.23033
http://dx.doi.org/10.3322/caac.20073
http://dx.doi.org/10.1126/science.3941892
http://dx.doi.org/10.1001/archotol.125.2.185
http://dx.doi.org/10.1016/S0300-9084(99
http://dx.doi.org/10.1007/s00018-009-8737-y
http://dx.doi.org/10.1073/pnas.75.9.4238


NER and HNSCC

 65 © 1996-2016

Distribution of ultraviolet-induced DNA repair 
synthesis in nuclease sensitive and resistant 
regions of human chromatin. Biochemistry 17, 
2377–86. (1978)
DOI: 10.1021/bi00605a020

54. WL de Laat, NGJ Jaspers, JHJ Hoeijmakers. 
Molecular mechanism of nucleotide excision 
repair. Genes Dev 13, 768–785. (1999)
DOI: 10.1101/gad.13.7.768

55. JG Moggs, G Almouzni. Assays for chromatin 
remodeling during DNA repair. Methods 
Enzymol 304, 333–351. (1999)
DOI: 10.1016/S0076-6879(99)04020-3

56. K Ura, M Araki, H Saeki, C Masutani, T Ito, S 
Iwai, T Mizukoshi, Y Kaneda, F Hanaoka. ATP-
dependent chromatin remodeling facilitates 
nucleotide excision repair of UV-induced DNA 
lesions in synthetic dinucleosomes. EMBO J 
20, 2004–14. (2001)
DOI: 10.1093/emboj/20.8.2004

57. JA Mello, JG Moggs, G Almouzni. Analysis of 
DNA repair and chromatin assembly in vitro 
using immobilized damaged DNA substrates. 
Methods Mol Biol 314, 477–487. (2006)
DOI: 10.1385/1-59259-973-7:477

58. MR Duan, MJ Smerdon. UV damage in DNA 
promotes nucleosome unwrapping. J Biol 
Chem 285, 26295–26303. (2010)
DOI: 10.1074/jbc.M110.140087

59. F Thoma. Light and dark in chromatin 
repair: repair of UV-induced DNA lesions by 
photolyase and nucleotide excision repair. 
EMBO J 18, 6585–6598. (1999)
DOI: 10.1093/emboj/18.23.6585

60. S Katsumi, N Kobayashi, K Imoto, A 
Nakagawa, Y Yamashina, T Muramatsu, T 
Shirai, S Miyagawa, S Sugiura, F Hanaoka, 
T Matsunaga, O Nikaido, T Mori. In situ 
visualization of ultraviolet-light-induced DNA 
damage repair in locally irradiated human 
fibroblasts. J Invest Dermatol 117, 1156–1161. 
(2001)
DOI: 10.1046/j.0022-202x.2001.01540.x

61. J Guerrero-Santoro, AS Levine, V Rapić-Otrin. 
Co-localization of DNA repair proteins with 
UV-induced DNA damage in locally irradiated 
cells. Methods Mol Biol 682, 149–161. (2011)
DOI: 10.1007/978-1-60327-409-8_12

62. S Yu, Y Teng, R Waters, SH Reed. How 
chromatin is remodelled during DNA repair of 

UV-induced DNA damage in Saccharomyces 
cerevisiae. PLoS Genet 7, e1002124. (2011)
DOI: 10.1371/journal.pgen.1002124

63. MJ Smerdon. DNA repair and the role of 
chromatin structure. Curr Opin Cell Biol 3, 
422–428. (1991)
DOI: 10.1016/0955-0674(91)90069-B

64. CM Green, G Almouzni. When repair meets 
chromatin. First in series on chromatin 
dynamics. EMBO Rep 3, 28–33. (2002)
DOI: 10.1093/embo-reports/kvf005

65. JG Moggs, G Almouzni. Chromatin 
rearrangements during nucleotide excision 
repair. Biochimie 81, 45–52. (1999)
DOI: 10.1016/S0300-9084(99)80037-6

66. G Soria, SE Polo, G Almouzni. Prime, Repair, 
Restore: The Active Role of Chromatin in the 
DNA Damage Response. Mol Cell 46, 722–
734. (2012)
DOI: 10.1016/j.molcel.2012.06.002

67. RD Wood, M Mitchell, J Sgouros, T Lindahl. 
Human DNA repair genes. Science 291, 
1284–1289. (2001)
DOI: 10.1126/science.1056154

68. LE Wang, EM Sturgis, SA Eicher, MR Spitz, 
WK Hong, Q Wei. Mutagen sensitivity to 
Benzo(a)pyrene diol epoxide and the risk of 
squamous cell carcinoma of the head and 
neck. Clin Cancer Res 4, 1773–1778. (1998)

69. D Li, PF Firozi, P Chang, LE Wang, P Xiong, 
EM Sturgis, SA Eicher, MR Spitz, WK Hong, 
Q Wei. In vitro BPDE-induced DNA adducts 
in peripheral lymphocytes as a risk factor for 
squamous cell carcinoma of the head and 
neck. Int J Cancer 93, 436–440. (2001)
DOI: 10.1002/ijc.1347

70. L Cheng, EM Sturgis, SA Eicher, MR Spitz, 
Q Wei. Expression of nucleotide excision 
repair genes and the risk for squamous cell 
carcinoma of the head and neck. Cancer 94, 
393–397. (2002)
DOI: 10.1002/cncr.10231

71. MR Spitz, X Wu, Y Wang, LE Wang, S Shete, 
CI Amos, Z Guo, L Lei, H Mohrenweiser, Q 
Wei. Modulation of nucleotide excision repair 
capacity by XPD polymorphisms in lung 
cancer patients. Cancer Res 61, 1354–7. 
(2001)

72. EM Sturgis, EJ Castillo, L Li, R Zheng, SA 
Eicher, GL Clayman, SS Strom, MR Spitz, 

http://dx.doi.org/10.1021/bi00605a020
http://dx.doi.org/10.1101/gad.13.7.768
http://dx.doi.org/10.1016/S0076-6879(99
http://dx.doi.org/10.1093/emboj/20.8.2004
http://dx.doi.org/10.1385/1-59259-973-7
http://dx.doi.org/10.1074/jbc.M110.140087
http://dx.doi.org/10.1093/emboj/18.23.6585
http://dx.doi.org/10.1046/j.0022-202x.2001.01540.x
http://dx.doi.org/10.1007/978-1-60327-409-8_12
http://dx.doi.org/10.1371/journal.pgen.1002124
http://dx.doi.org/10.1016/0955-0674(91
http://dx.doi.org/10.1093/embo-reports/kvf005
http://dx.doi.org/10.1016/S0300-9084(99
http://dx.doi.org/10.1016/j.molcel.2012.06.002
http://dx.doi.org/10.1126/science.1056154
http://dx.doi.org/10.1002/ijc.1347
http://dx.doi.org/10.1002/cncr.10231


NER and HNSCC

 66 © 1996-2016

Q Wei. Polymorphisms of DNA repair gene 
XRCC1 in squamous cell carcinoma of the 
head and neck. Carcinogenesis 20, 2125–
2129. (1999)
DOI: 10.1093/carcin/20.11.2125

73. E Sturgis, R Zheng, L Li, E Castillo. XPD/
ERCC2 polymorphisms and risk of head 
and neck cancer: a case-control analysis. 
Carcinogenesis 21, 2219–2223. (2000)
DOI: 10.1093/carcin/21.12.2219

74. H Shen, EM Sturgis, SG Khan, Y Qiao, T 
Shahlavi, SA Eicher, Y Xu, X Wang, SS Strom, 
MR Spitz, KH Kraemer, Q Wei. An intronic poly 
(AT) polymorphism of the DNA repair gene 
XPC and risk of squamous cell carcinoma 
of the head and neck: A case-control study. 
Cancer Res 61, 3321–3325. (2001)

75. Y Zheng, L Li, H Shen, EM Sturgis, SA Eicher, 
SS Strom, MR Spitz, Q Wei. Polymorphic 
hCHK2/hCds1 codon 84 allele and risk of 
squamous cell carcinoma of the head and 
neck--a case-control analysis. Carcinogenesis 
22, 2005–2008. (2001)
DOI: 10.1093/carcin/22.12.2005

76. Y Zheng, H Shen, EM Sturgis, LE Wang, SA 
Eicher, SS Strom, ML Frazier, MR Spitz, Q 
Wei, QW Y Zheng, H Shen, E M Sturgis, L 
E Wang, S A Eicher, S S Strom, M L Frazier, 
M R Spitz. Cyclin D1 polymorphism and risk 
for squamous cell carcinoma of the head and 
neck: a case-control study. Carcinogenesis 
22, 1195–1199. (2001)
DOI: 10.1093/carcin/22.8.1195

77. AF Olshan, MA Watson, MC Weissler, DA Bell. 
XRCC1 polymorphisms and head and neck 
cancer. Cancer Lett 178, 181–186. (2002)
DOI: 10.1016/S0304-3835(01)00822-9

78. H Shen, EM Sturgis, KR Dahlstrom, Y Zheng, 
MR Spitz, Q Wei. A variant of the DNA repair 
gene XRCC3 and risk of squamous cell 
carcinoma of the head and neck: a case-control 
analysis. Int J Cancer 99, 869–872. (2002)
DOI: 10.1002/ijc.10413

79. H Shen, Y Zheng, EM Sturgis, MR Spitz, Q 
Wei. P53 codon 72 polymorphism and risk 
of squamous cell carcinoma of the head and 
neck: A case-control study. Cancer Lett 183, 
123–130. (2002)
DOI: 10.1016/S0304-3835(02)00117-9

80. EM Sturgis, EJ Castillo, L Li, SA Eicher, SS 
Strom, MR Spitz, Q Wei. XPD/ERCC2 EXON 8 

polymorphisms: Rarity and lack of significance 
in risk of squamous cell carcinoma of the head 
and neck. Oral Oncol 38, 475–477. (2002)
DOI: 10.1016/S1368-8375(01)00106-3

81. EM Sturgis, KR Dahlstrom, MR Spitz, Q 
Wei. DNA repair gene ERCC1 and ERCC2/
XPD polymorphisms and risk of squamous 
cell carcinoma of the head and neck. Arch 
Otolaryngol Head Neck Surg 128, 1–5. (2002)
DOI: 10.1001/archotol.128.9.1084

82. K Tae, HS Lee, BJ Park, CW Park, KR Kim, HY 
Cho, LH Kim, BL Park, HD Shin. Association of 
DNA repair gene XRCC1 polymorphisms with 
head and neck cancer in Korean population. 
Int J Cancer 111, 805–808. (2004)
DOI: 10.1002/ijc.20338

83. M Yang, WH Kim, Y Choi, S-H Lee, K-R Kim, 
H-S Lee, K Tae. Effects of ERCC1 expression 
in peripheral blood on the risk of head and neck 
cancer. Eur J Cancer Prev 15, 269–273. (2006)
DOI: 10.1097/01.cej.0000195709.79696.0c

84. J An, Z Liu, Z Hu, G Li, L-E Wang, EM Sturgis, 
AK El-Naggar, MR Spitz, Q Wei. Potentially 
functional single nucleotide polymorphisms in 
the core nucleotide excision repair genes and 
risk of squamous cell carcinoma of the head 
and neck. Cancer Epidemiol Biomarkers Prev 
16, 1633–1638. (2007)
DOI: 10.1158/1055-9965.EPI-07-0252

85. Ezhilan Mitra, A Kumar, N Singh, VK Garg, R 
Chaturvedi, M Sharma, SK Rath. Statistically 
significant association of the single nucleotide 
polymorphism (SNP) rs13181 (ERCC2) with 
predisposition to Squamous Cell Carcinomas 
of the Head and Neck (SCCHN) and Breast 
cancer in the north Indian population. J Exp 
Clin Cancer Res 28, 1–8. (2009)

86. YB Ji, K Tae, YS Lee, SH Lee, KR Kim, CW 
Park, BL Park, HD Shin. XPD polymorphisms 
and risk of squamous cell carcinoma of the 
head and neck in a Korean sample. Clin Exp 
Otorhinolaryngol 3, 42–47. (2010)
DOI: 10.3342/ceo.2010.3.1.42

87. NR Jones, TE Spratt, AS Berg, JE Muscat, P 
Lazarus, CJ Gallagher. Association studies of 
excision repair cross-complementation group 
1 (ERCC1) haplotypes with lung and head and 
neck cancer risk in a Caucasian population. 
Cancer Epidemiol 35, 175–181. (2011)
DOI: 10.1016/j.canep.2010.08.007

88. A Kumar, MC Pant, HS Singh, S Khandelwal. 

http://dx.doi.org/10.1093/carcin/20.11.2125
http://dx.doi.org/10.1093/carcin/21.12.2219
http://dx.doi.org/10.1093/carcin/22.12.2005
http://dx.doi.org/10.1093/carcin/22.8.1195
http://dx.doi.org/10.1016/S0304-3835(01
http://dx.doi.org/10.1002/ijc.10413
http://dx.doi.org/10.1016/S0304-3835(02
http://dx.doi.org/10.1016/S1368-8375(01
http://dx.doi.org/10.1001/archotol.128.9.1084
http://dx.doi.org/10.1002/ijc.20338
http://dx.doi.org/10.1097/01.cej.0000195709.79696.0c
http://dx.doi.org/10.1158/1055-9965.EPI-07-0252
http://dx.doi.org/10.3342/ceo.2010.3.1.42
http://dx.doi.org/10.1016/j.canep.2010.08.007


NER and HNSCC

 67 © 1996-2016

Associated risk of XRCC1 and XPD cross talk 
and life style factors in progression of head 
and neck cancer in north Indian population. 
Mutat Res 729, 24–34. (2012)
DOI: 10.1016/j.mrfmmm.2011.09.001

89. H Ma, H Yu, Z Liu, L-E Wang, EM Sturgis, Q 
Wei. Polymorphisms of XPG/ERCC5 and risk 
of squamous cell carcinoma of the head and 
neck. Pharmacogenet Genomics 22, 50–57. 
(2012)
DOI: 10.1097/FPC.0b013e32834e3cf6

90. H Yu, Z Liu, Y-J Huang, M Yin, L-E Wang, Q 
Wei. Association between Single Nucleotide 
Polymorphisms in ERCC4 and Risk of 
Squamous Cell Carcinoma of the Head and 
Neck. PLoS One 7, e41853. (2012)
DOI: 10.1371/journal.pone.0041853

91. S Zhong, T Nukui, S Buch, B Diergaarde, LA 
Weissfeld, J Grandis, M Romkes, JL Weissfeld. 
Effects of ERCC2 Lys751Gln (A35931C) and 
CCND1 (G870A) polymorphism on outcome of 
advanced-stage squamous cell carcinoma of 
the head and neck are treatment dependent. 
Cancer Epidemiol Biomarkers Prev 20, 2429–
37. (2011)
DOI: 10.1158/1055-9965.EPI-11-0520

92. N Pratesi, M Mangoni, I Mancini, F Paiar, L 
Simi, L Livi, S Cassani, M Buglione, S Grisanti, 
C Almici, C Polli, C Saieva, SM Magrini, G 
Biti, M Pazzagli, C Orlando. Association 
between single nucleotide polymorphisms in 
the XRCC1 and RAD51 genes and clinical 
radiosensitivity in head and neck cancer. 
Radiother Oncol 99, 356–361. (2011)
DOI: 10.1016/j.radonc.2011.05.062

93. M Quintela-Fandino, R Hitt, PP Medina, S 
Gamarra, L Manso, H Cortes-Funes, M Sanchez-
Cespedes. DNA-repair gene polymorphisms 
predict favorable clinical outcome among 
patients with advanced squamous cell 
carcinoma of the head and neck treated with 
cisplatin-based induction chemotherapy. J Clin 
Oncol 24, 4333–4339. (2006)
DOI: 10.1200/JCO.2006.05.8768

94. Z Zhang, L Wang, S Wei, Z Liu, LE Wang, EM 
Sturgis, Q Wei. Polymorphisms of the DNA 
repair gene MGMT and risk and progression 
of head and neck cancer. DNA Repair (Amst) 
9, 558–566. (2010)
DOI: 10.1016/j.dnarep.2010.02.006

95. ME Zafereo, EM Sturgis, Z Liu, L-E Wang, 

Q Wei, G Li. Nucleotide excision repair core 
gene polymorphisms and risk of second 
primary malignancy in patients with index 
squamous cell carcinoma of the head and 
neck. Carcinogenesis 30, 997–1002. (2009)
DOI: 10.1093/carcin/bgp096

96. X Song, EM Sturgis, L Jin, Z Wang, Q Wei, 
G Li. Variants in nucleotide excision repair 
core genes and susceptibility to recurrence of 
squamous cell carcinoma of the oropharynx. 
Int J Cancer 133, 695–704. (2013)
DOI: 10.1002/ijc.28051

97. AS Neumann, EM Sturgis, Q Wei. Nucleotide 
excision repair as a marker for susceptibility 
to tobacco-related cancers: a review of 
molecular epidemiological studies. Mol 
Carcinog 42, 65–92. (2005)
DOI: 10.1002/mc.20069

98. Y-CA Lee, H Morgenstern, S Greenland, DP 
Tashkin, J Papp, J Sinsheimer, W Cao, M 
Hashibe, N-CY You, JT Mao, W Cozen, TM 
Mack, Z-F Zhang. A case-control study of 
the association of the polymorphisms and 
haplotypes of DNA ligase I with lung and 
upper-aerodigestive-tract cancers. Int J 
Cancer 122, 1630–1638. (2008)
DOI: 10.1002/ijc.23274

99. AB Wyss, AH Herring, CL Avery, MC 
Weissler, JT Bensen, JS Barnholtz-Sloan, WK 
Funkhouser, AF Olshan. Single-nucleotide 
polymorphisms in nucleotide excision repair 
genes, cigarette smoking, and the risk of 
head and neck cancer. Cancer Epidemiol 
Biomarkers Prev 22, 1428–1445. (2013)
DOI: 10.1158/1055-9965.EPI-13-0185

100. R Mehra, F Zhu, D-H Yang, KQ Cai, J Weaver, 
MK Singh, AS Nikonova, EA Golemis, DB 
Flieder, HS Cooper, M Lango, JA Ridge, B 
Burtness. Quantification of Excision Repair 
Cross-Complementing Group 1 and Survival 
in p16-Negative Squamous Cell Head and 
Neck Cancers. Clin Cancer Res 19, 6633–43. 
(2013)
DOI: 10.1158/1078-0432.CCR-13-0152

101. Q Wei, L-E Wang, EM Sturgis, L Mao. 
Expression of Nucleotide Excision Repair 
Proteins in Lymphocytes as a Marker of 
Susceptibility to Squamous Cell Carcinomas 
of the Head and Neck. Cancer Epidemiol 
Biomarkers Prev 14, 1–7. (2005)
DOI: 10.1158/1055-9965.EPI-05-0101

http://dx.doi.org/10.1016/j.mrfmmm.2011.09.001
http://dx.doi.org/10.1097/FPC.0b013e32834e3cf6
http://dx.doi.org/10.1371/journal.pone.0041853
http://dx.doi.org/10.1158/1055-9965.EPI-11-0520
http://dx.doi.org/10.1016/j.radonc.2011.05.062
http://dx.doi.org/10.1200/JCO.2006.05.8768
http://dx.doi.org/10.1016/j.dnarep.2010.02.006
http://dx.doi.org/10.1093/carcin/bgp096
http://dx.doi.org/10.1002/ijc.28051
http://dx.doi.org/10.1002/mc.20069
http://dx.doi.org/10.1002/ijc.23274
http://dx.doi.org/10.1158/1055-9965.EPI-13-0185
http://dx.doi.org/10.1158/1078-0432.CCR-13-0152
http://dx.doi.org/10.1158/1055-9965.EPI-05-0101


NER and HNSCC

 68 © 1996-2016

102. B Köberle, C Ditz, I Kausch, B Wollenberg, RL 
Ferris, AE Albers. Metastases of squamous 
cell carcinoma of the head and neck show 
increased levels of nucleotide excision 
repair protein XPF in vivo that correlate with 
increased chemoresistance ex vivo. Int J 
Oncol 36, 1277–1284. (2010)

103. Y Wang, MR Spitz, JJ Lee, M Huang, SM 
Lippman, X Wu. Nucleotide excision repair 
pathway genes and oral premalignant lesions. 
Clin Cancer Res 13, 3753–3758. (2007)
DOI: 10.1158/1078-0432.CCR-06-1911

104. AE Ehrenhofer-Murray. Chromatin dynamics 
at DNA replication, transcription and repair. 
Eur J Biochem 271, 2335–2349. (2004)
DOI: 10.1111/j.1432-1033.2004.04162.x

105. T Kouzarides. Chromatin Modifications and 
Their Function. Cell 128, 693–705. (2007)
DOI: 10.1016/j.cell.2007.02.005

106. A Groth, W Rocha, A Verreault, G Almouzni. 
Chromatin Challenges during DNA Replication 
and Repair. Cell 128, 721–733. (2007)
DOI: 10.1016/j.cell.2007.01.030

107. RD Kornberg. Structure of chromatin. Annu 
Rev Biochem 46, 931–954. (1977)
DOI: 10.1146/annurev.bi.46.070177.004435

108. H Wang, CW Lawrence, GM Li, JB Hays. 
Specific binding of human MSH2-MSH6 
mismatch-repair protein heterodimers to DNA 
incorporating thymine- or uracil-containing 
UV light photoproducts opposite mismatched 
bases. J Biol Chem 274, 16894–16900. (1999)
DOI: 10.1074/jbc.274.24.16894

109. H Gaillard, DJ Fitzgerald, CL Smith, CL 
Peterson, TJ Richmond, F Thoma. Chromatin 
remodeling activities act on UV-damaged 
nucleosomes and modulate DNA damage 
accessibility to photolyase. J Biol Chem 278, 
17655–63. (2003)
DOI: 10.1074/jbc.M300770200

110. R Waters, Y Teng, Y Yu, S Yu, S Reed. Tilting 
at windmills? The nucleotide excision repair 
of chromosomal DNA. DNA Repair (Amst) 8, 
146–152. (2009)
DOI: 10.1016/j.dnarep.2008.11.001

111. T Krude, C Keller. Chromatin assembly during 
S phase: contributions from histone deposition, 
DNA replication and the cell division cycle. Cell 
Mol Life Sci 58, 665–672. (2001)
DOI: 10.1007/PL00000890

112. PD Kaufman, R Kobayashi, N Kessler, B 
Stillman. The p150 and p60 subunits of 
chromatin assembly factor I: a molecular link 
between newly synthesized histones and 
DNA replication. Cell 81, 1105–14. (1995)
DOI: 10.1016/S0092-8674(05)80015-7

113. P Gaillard, E Martini, P Kaufman. Chromatin 
assembly coupled to DNA repair: a new role 
for chromatin assembly factor I. Cell 86, 887–
896. (1996)
DOI: 10.1016/S0092-8674(00)80164-6

114. PD Kaufman, R Kobayashi, B Stillman. 
Ultraviolet radiation sensitivity and reduction 
of telomeric silencing in Saccharomyces 
cerevisiae cells lacking chromatin assembly 
factor-I. Genes Dev 11, 345–357. (1997)
DOI: 10.1101/gad.11.3.345

115. JC Game, PD Kaufman. Role of 
Saccharomyces cerevisiae chromatin 
assembly factor-I in repair of ultraviolet 
radiation damage in vivo. Genetics 151, 485–
497. (1999)

116. J Tyler, C Adams, S Chen. The RCAF complex 
mediates chromatin assembly during DNA 
replication and repair. Nature 402, 555–560. 
(1999)
DOI: 10.1038/990147

117. A Verreault, PD Kaufman, R Kobayashi, B 
Stillman. Nucleosome assembly by a complex 
of CAF-1 and acetylated histones H3/H4. Cell 
87, 95–104. (1996)
DOI: 10.1016/S0092-8674(00)81326-4

118. P Ridgway, G Almouzni. CAF-1 and the 
inheritance of chromatin states: at the 
crossroads of DNA replication and repair. J 
Cell Sci 113 (Pt 15), 2647–2658. (2000)

119. E Martini, DMJ Roche, K Marheineke, 
A Verreault, G Almouzni. Recruitment of 
phosphorylated chromatin assembly factor 
1 to chromatin after UV irradiation of human 
cells. J Cell Biol 143, 563–575. (1998)
DOI: 10.1083/jcb.143.3.563

120. SE Polo, D Roche, G Almouzni. New Histone 
Incorporation Marks Sites of UV Repair in 
Human Cells. Cell 127, 481–493. (2006)
DOI: 10.1016/j.cell.2006.08.049

121. S Bergink, FA Salomons, D Hoogstraten, TAM 
Groothuis, H De Waard, J Wu, L Yuan, E Citterio, 
AB Houtsmuller, J Neefjes, JHJ Hoeijmakers, 
W Vermeulen, NP Dantuma. DNA damage 

http://dx.doi.org/10.1158/1078-0432.CCR-06-1911
http://dx.doi.org/10.1111/j.1432-1033.2004.04162.x
http://dx.doi.org/10.1016/j.cell.2007.02.005
http://dx.doi.org/10.1016/j.cell.2007.01.030
http://dx.doi.org/10.1146/annurev.bi.46.070177.004435
http://dx.doi.org/10.1074/jbc.274.24.16894
http://dx.doi.org/10.1074/jbc.M300770200
http://dx.doi.org/10.1016/j.dnarep.2008.11.001
http://dx.doi.org/10.1007/PL00000890
http://dx.doi.org/10.1016/S0092-8674(05
http://dx.doi.org/10.1016/S0092-8674(00
http://dx.doi.org/10.1101/gad.11.3.345
http://dx.doi.org/10.1038/990147
http://dx.doi.org/10.1016/S0092-8674(00
http://dx.doi.org/10.1083/jcb.143.3.563
http://dx.doi.org/10.1016/j.cell.2006.08.049


NER and HNSCC

 69 © 1996-2016

triggers nucleotide excision repair-dependent 
monoubiquitylation of histone H2A. Genes Dev 
20, 1343–1352. (2006)
DOI: 10.1101/gad.373706

122. Q Zhu, G Wani, HH Arab, MA El-Mahdy, 
A Ray, AA Wani. Chromatin restoration 
following nucleotide excision repair involves 
the incorporation of ubiquitinated H2A at 
damaged genomic sites. DNA Repair (Amst) 
8, 262–273. (2009)
DOI: 10.1016/j.dnarep.2008.11.007

123. A Gunjan, A Verreault. A Rad53 Kinase-
Dependent Surveillance Mechanism that 
Regulates Histone Protein Levels in S. 
cerevisiae. Cell 115, 537–549. (2003)
DOI: 10.1016/S0092-8674(03)00896-1

124. H Wang, L Zhai, J Xu, H-Y Joo, S Jackson, 
H Erdjument-Bromage, P Tempst, Y Xiong, 
Y Zhang. Histone H3 and H4 ubiquitylation 
by the CUL4-DDB-ROC1 ubiquitin ligase 
facilitates cellular response to DNA damage. 
Mol Cell 22, 383–394. (2006)
DOI: 10.1016/j.molcel.2006.03.035

125. S Staibano, C Mignogna, L Lo Muzio, M 
Mascolo, G Salvatore, M Di Benedetto, L 
Califano, C Rubini, G De Rosa. Chromatin 
assembly factor-1 (CAF-1)-mediated 
regulation of cell proliferation and DNA 
repair: A link with the biological behaviour 
of squamous cell carcinoma of the tongue? 
Histopathology 50, 911–919. (2007)
DOI: 10.1111/j.1365-2559.2007.02698.x

126. C Das, MS Lucia, KC Hansen, JK Tyler. CBP/
p300-mediated acetylation of histone H3 on 
lysine 56. Nature 459, 113–117. (2009)
DOI: 10.1038/nature07861

127. S Staibano, M Mascolo, FP Mancini, A 
Kisslinger, G Salvatore, M Di Benedetto, P 
Chieffi, V Altieri, D Prezioso, G Ilardi, G De 
Rosa, D Tramontano. Overexpression of 
chromatin assembly factor-1 (CAF-1) p60 is 
predictive of adverse behaviour of prostatic 
cancer. Histopathology 54, 580–589. (2009)
DOI: 10.1111/j.1365-2559.2009.03266.x

128. SE Polo, SE Theocharis, L Grandin, L 
Gambotti, G Antoni, A Savignoni, B Asselain, 
E Patsouris, G Almouzni. Clinical significance 
and prognostic value of chromatin assembly 
factor-1 overexpression in human solid 
tumours. Histopathology 57, 716–724. (2010)
DOI: 10.1111/j.1365-2559.2010.03681.x

129. S Staibano, M Mascolo, A Rocco, L Lo Muzio, 
G Ilardi, M Siano, G Pannone, ML Vecchione, 
L Nugnes, L Califano, R Zamparese, P 
Bufo, G De Rosa. The proliferation marker 
Chromatin Assembly Factor-1 is of clinical 
value in predicting the biological behaviour of 
salivary gland tumours. Oncol Rep 25, 13–22. 
(2011)

130. M Mascolo, G Ilardi, F Merolla, D Russo, ML 
Vecchione, G de Rosa, S Staibano. Tissue 
Microarray-Based Evaluation of Chromatin 
Assembly Factor-1 (CAF-1)/p60 as Tumour 
Prognostic Marker. Int J Mol Sci 13, 11044–
11062. (2012)
DOI: 10.3390/ijms130911044

131. MR Rountree, KE Bachman, JG Herman, 
SB Baylin. DNA methylation, chromatin 
inheritance, and cancer. Oncogene 20, 3156–
3165. (2001)
DOI: 10.1038/sj.onc.1204339

132. G Egger, G Liang, A Aparicio, PA Jones. 
Epigenetics in human disease and prospects 
for epigenetic therapy. Nature 429, 457–463. 
(2004)
DOI: 10.1038/nature02625

Key Words: HNC, HNSCC: Dna Damage 
response, NER, ERCC1, Chromatin, CAF-1, 
Carcinogens,Tobacco, Alcohol, HPV; EBV, 
Cisplatinum, Review

Send correspondence to: Stefania Staibano, 
Department of Biomorphological and Functional 
Sciences, Pathology Section, University of Naples, 
Federico II, Naples, Italy, Tel: 390817462368, 
Fax: 390817463414, E-mail: staibano@unina.it

http://dx.doi.org/10.1101/gad.373706
http://dx.doi.org/10.1016/j.dnarep.2008.11.007
http://dx.doi.org/10.1016/S0092-8674(03
http://dx.doi.org/10.1016/j.molcel.2006.03.035
http://dx.doi.org/10.1111/j.1365-2559.2007.02698.x
http://dx.doi.org/10.1038/nature07861
http://dx.doi.org/10.1111/j.1365-2559.2009.03266.x
http://dx.doi.org/10.1111/j.1365-2559.2010.03681.x
http://dx.doi.org/10.3390/ijms130911044
http://dx.doi.org/10.1038/sj.onc.1204339
http://dx.doi.org/10.1038/nature02625
mailto:staibano%40unina.it?subject=

