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Abstract

Cockayne syndrome complementation group B (CSB) protein is engaged in transcription-coupled 

repair (TCR) of UV induced DNA damage and its deficiency leads to progressive multisystem 

degeneration and premature aging. Here, we show that human CSB-deficient cells are 

hypersensitive to physiological concentrations (1–10 µM) of a lipid peroxidation product, trans-4-

hydroxy-2-nonenal (HNE), and in response to HNE they develop a higher level of sister chromatid 

exchanges (SCEs) in comparison to the wild-type cells. HNE-DNA adducts block in vitro 

transcription by T7 RNA polymerase, as well as by HeLa cell-free extracts. Treatment of wild-

type cells with 1–20 µM HNE causes dephosphorylation of the CSB protein, which stimulates its 

ATPase activity necessary for TCR. However, high HNE concentrations (100–200 µM) inhibit in 

vitro CSB ATPase activity as well as the transcription machinery in HeLa cell-free extracts.

Cell lines expressing CSB protein mutated in different ATPase domains exhibit different 

sensitivities to HNE. The motif II mutant, which binds ATP, but is defective in ATP hydrolysis 

was as sensitive to HNE as CSB-null cells. In contrast, motif V mutant cells were as sensitive to 

HNE as were the cells bearing wild-type protein, while motif VI mutant cells showed intermediate 

sensitivity to HNE. These mutants exhibit decreased ATP binding, but retain residual ATPase 

activity. Homology modeling suggested that amino acids mutated in motifs II and VI are localized 

closer to the ATP binding site than amino acids mutated in ATPase motif V.
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These results suggest that HNE-DNA adducts are extremely toxic endogenous DNA lesion, and 

that their processing involves CSB. When these lesions are not removed from the transcribed 

DNA strand due to CSB gene mutation or CSB protein inactivation by high, pathological HNE 

concentrations, they may contribute to accelerated aging.
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1. Introduction

One of the prominent aging theories proposes that a gradual accumulation of DNA damage 

during the cellular and organismal lifetime contributes to the aging process. This is 

supported by the observation that the degree of DNA oxidation correlates negatively with 

the maximum life span [1].

Cockayne syndrome (CS) is a degenerative human disease characterized by traits 

reminiscent of normal aging, such as neurological degeneration, cataracts and systemic 

growth failure. The majority of CS cases are caused by defects in the CS complementation 

group B (CSB) protein. The CSB gene encodes a 168 kDa protein belonging to the SWI2/

SNF2 protein family. The CSB protein participates in transcription-coupled repair (TCR), 

global genome repair (GGR), base excision repair (BER) of certain types of oxidative DNA 

damage, e.g. 8-oxoG, as well as in general transcription [2]. CSB is also involved in the 

poly(ADP-ribose) polymerase-1 (PARP-1) mediated response to oxidative DNA damage 

[3], as well as in strand annealing and exchange, which might be engaged in mitotic 

recombination [4].

CSB protein contains an acidic region, a glycine-rich region, two putative nuclear 

localization signal sequences and an ATPase domain consisting of seven conserved motifs 

(I, Ia and II–VI) [5]. The SNF2-like ATPase domain is critical for CSB function in vivo 

[6,7]: DNA-dependent ATPase activity [8–10], ATP-dependent chromatin remodeling [11] 

and modulation of negative supercoiling of DNA [12].

The ATPase activity of the CSB protein is increased in the presence of DNA. The biggest 

effect is achieved with dsDNA containing a bubble or loop, corresponding to the open DNA 

structure during the nucleotide excision repair (NER) and transcription arrest [13].

The ATPase activity can also be modified by phosphorylation of the CSB protein. In vitro 

and in whole cell extracts, CSB was shown to be phosphorylated by casein kinase 2 (CK2) 

[13]. In response to hydrogen peroxide, CSB protein was also phosphorylated by c-Abl 

tyrosine kinase [14]. Phosphorylation of CSB, as well as poly(ADP-ribosyl) ation by 

PARP-1, lead to a decrease of the ATPase activity [3,13]. Correspondingly, 

dephosphorylation of CSB, which occurs after UV irradiation, results in an increase of the 

ATPase activity of CSB protein by approximately 40% [13].
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During TCR, CSB protein is involved in the removal of stalled RNA polymerase from the 

damaged template and in recruitment of the NER machinery to repair the transcribed DNA 

strand. Recognized TCR substrates are UV photoproducts, and some bulky adducts, e.g. 

cisplatin intrastrand cross-links [13]. However, deficiency in repair of these types of DNA 

damage does not explain the premature aging, or the developmental and neurological CS 

symptoms. At least two explanations are possible: either other mechanisms than TCR may 

be involved in generating these symptoms in CS cells or not all endogenous TCR substrates 

are well characterized. CSA and CSB proteins are engaged in ubiquitination of RNA 

polymerase II, as well as several other proteins, including p21. CSB mutants accumulate p21 

due to retarded protein turnover, which in consequence causes retardation of DNA 

replication and accumulation of DNA double strand breaks [15]. Among known endogenous 

DNA lesions, only few were unambiguously demonstrated to block transcription, and were 

suggested to be processed by TCR. These include, e.g. 3-methyladenine, which may arise 

from non-enzymatic DNA methylation by S-adenosylmethionine, thymine glycol, which is 

formed during DNA oxidation, and malondialdehyde-guanine adduct, which results from 

lipid peroxidation (LPO) [16].

Lipid peroxidation is implicated in aging as well as in the pathogenesis of numerous human 

diseases, including atherosclerosis, cancer, diabetes and arthritis [17]. Significant increase in 

the LPO level was found in skeletal muscle of old individuals [18], as well as in hepatocytes 

isolated from old ovariectomized rats [19].

One of the major LPO products is trans-4-hydroxy-2-nonenal (HNE) [20]. HNE is 

considered as a biomarker of oxidative stress in pathophysiological processes. For example, 

increased level of HNE accumulation was observed in brain tissue and in cerebrum of 

patients suffering from several neurodegenerative disorders like Alzheimer’s (AD), 

Parkinson’s, Pick’s, amyotrophic lateral sclerosis and Huntington diseases [21]. 

Interestingly, large amounts of HNE-modified proteins were found in the brains (globus 

pallidus) of CS patients [22].

Physiological concentrations of HNE vary from 0.1 to 3 µM, and can increase up to 50 µM 

or even milimolar values under oxidative stress [23,24]. Within cells, HNE binds primarily 

to thiols and proteins [25]. HNE also forms exocylic propano- and etheno-type adducts to 

DNA bases bearing six or seven carbon atom side chains [26,27]. Etheno-type adducts 

derive from HNE oxidation to epoxide by peroxides or atmospheric oxygen [27]. HNE also 

induces DNA intra- and interstrand cross-links [28], as well as DNA–protein cross-links 

[29] and protein adducts [29,30]. HNE-dG adducts were detected in DNA of non-exposed 

humans and rodents, which indicates their endogenous source [26,31,32].

We have previously shown that HNE-DNA adducts block replication, trigger recombination, 

base substitutions and frameshift mutations in ssM13 phage [27]. Other studies showed that 

in mammalian cells HNE increases the frequency of micronuclei, chromosomal aberrations, 

sister chromatid exchanges (SCEs) [33–35] and point mutations [36], already at low, 

physiological concentrations of 0.1–10 µM. HNE also exerts a clastogenic effect in human 

cells, possibly via inactivation of the functional SH groups in DNA polymerases [37].
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HNE-DNA adducts were previously shown to be recognized by the bacterial and 

mammalian nucleotide excision repair (NER) proteins [38,39]. Here, we show that CSB 

protein is engaged in the processing of HNE-DNA adducts, and that low concentrations of 

HNE stimulate CSB dephosphorylation, and possibly transcription-coupled NER. 

Deficiency in this pathway may cause inhibition of transcription by unrepaired HNE-DNA 

adducts, as shown by in vitro experiments, thus leading to apoptosis. Accumulation of these 

lesions may be one of the possible mechanisms of the developmental and neurological 

features of CS patients, as well as premature aging.

2. Materials and methods

2.1. Cell lines and culture conditions

GM00038, a normal human diploid fibroblast cell line was grown in DMEM (Invitrogen, 

Carlsbad, CA, USA) supplemented with 5% fetal bovine serum (FBS); GM1428, a 

Cockayne syndrome group B (CSB) human fibroblast line was grown in MEM with 10% 

FBS, vitamins, essential and non-essential amino acids (Invitrogen); CS1AN.S3.G2, an 

SV-40 transformed human CS-B fibroblast cell line [40] was grown in MEM with 15% 

FBS; CS1AN.S3.G2 cells transfected with the mammalian expression vector pcDNA3.1 

alone (Invitrogen, San Diego, CA; abbreviated as pc3.1) and with pc3.1 containing the wild-

type human CSB gene are designated as CS1AN/pc3.1 and CS1AN/pc3.1-CSBwt, 

respectively. CS1AN.S3.G2 cells transfected with pc3.1-CSB containing different mutations 

in the CSB gene are designed as CS1AN/pc3.1-CSBE646Q, CS1AN/pc3.1-CSBT912/913 

V, CS1AN/pc3.1-CSBQ942E and CS1AN/pc3.1-CSB R946A, respectively. All CS1AN cell 

lines were grown in MEM supplemented with 15% FBS. CS1AN.S3.G2 cell lines 

transfected with pc3.1 were grown in media containing 400 µg/ml geneticin (Invitrogen) [7]. 

For all the cell lines, 100 U/ml penicillin and 0.1 mg/ml streptomycin was included in the 

growth medium and the cells were incubated at 37 °C and 5% CO2.

2.2. Mutagens

4-hydroxy-2-nonenal (HNE) was synthesized in the form of dimethylacetal derivative as 

described before [41]. Prior to use, HNE dimethylacetal was hydrolyzed to aldehyde as 

described [27], dissolved in serum-free media and used immediately.

2.3. Colony formation assay

Exponentially growing cells were trypsinized, seeded on 10 cm2 dishes (300–1000 cells per 

plate) and allowed to attach. The cells were treated with varying doses of HNE (1–40 µM) in 

serum-free medium for 2 h, 37 °C, 5% CO2. After treatment, cells were rinsed with serum-

free medium and cell colonies were cultured in a fresh, serum-supplemented medium for 10 

days. The colonies were washed with phosphate-buffered saline (PBS) and fixed with 3.7% 

formaldehyde for 10 min at RT. The cells were then washed with PBS and stained with 

crystal violet (0.1% in dH2O) for 2 h at RT. Colony-formation ability was calculated based 

on the plating efficiency of treated cells versus the plating efficiency of untreated control 

cells.
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2.4. Sister chromatid exchanges (SCEs)

For the determination of SCEs, exponentially growing cells were cultured in standard 

growth medium containing 20 µg/ml 5-bromo-2-deoxyuridine (BrdU) for one cell cycle. 

Cells were then exposed to HNE (0–3 µM) in serum-free medium for 2 h. The cells were 

then rinsed with PBS and allowed to grow in a fresh medium until the end of the second cell 

cycle. Further procedure was performed as described [42]. For SCEs analysis 90 metaphases 

were scored for each cell line and HNE dose. Three independent experiments were 

performed. SCE frequencies were compared using the two-tailed Student’s t-test.

2.5. In vitro transcription assays

2.5.1. In vitro assay using T7 RNA polymerase—Plasmid DNA containing T7 RNA 

promoter (pTZ19R, Fermentas) was linearized by SmaI restriction endonuclease, purified 

using clean-up column and modified with HNE (0.1–30 mM), pH 5.5, for 24 h at 37 °C. 

DNA was ethanol precipitated and resuspended in diethyl pyrocarbonate (DEPC) treated 

water. Transcription assay was performed using Fermentas transcription kit (K0412) and 

reaction product was visualized by 1.2% agarose gel electrophoresis.

2.5.2. In vitro assay using HeLa cell-free extract—HeLa cell-free extract was 

prepared according to the method of Tanaka et al. [43], modified by Vodenicharov et al. 

[44] Plasmid DNA containing SV40 RNA promoter and enhancer driving a luciferase 

reporter gene (pGL3-Control Vector, Promega) was linearized by XbaI restriction 

endonuclease, purified using clean-up column (Promega) and modified with HNE (0.1–30 

mM), pH 5.5, for 24 h at 37 °C. DNA was purified using clean-up column. Transcription 

assay was performed using 100 µg HeLa cell-free extract, NTP set, RiboLock RNase 

Inhibitor and transcription buffer from Fermentas transcription kit (K0412). Reaction 

product was visualized by 1.2% agarose gel electrophoresis.

2.5.3. In vitro assay using HeLa cell-free extract modified with HNE—HeLa cell-

free extract was incubated with HNE (0.05–5 mM) for 2 h on ice. After incubation the 

extract was immediately used for in vitro transcription assay using XbaI linearized pGL3-

Control Vector as described above.

2.6. CSB protein phosphorylation status

2.6.1. CSB dephosphorylation in cells—GM00038 cells were plated and allowed to 

grow for 48 h. Subsequently, cells (2 × 106–5 × 106) were incubated with phosphate-free 

DMEM (Invitrogen) supplemented with 5% dialyzed FBS for 1 h to exhaust the pool of 

endogenous phosphate, and then treated with 1–20 µM HNE for 30 min. The cells were 

supplemented with fresh phosphate-free medium containing 100 µCi 32P inorganic 

phosphate (Pi) (Hartmann Analytic) for 4 h. After termination of radiolabeling by washing 

twice with ice-cold PBS, cells were lysed in RIPA (radioimmunoprecipitation assay) buffer 

(150 mM NaCl, 1% Triton, 0.1% SDS, 10 mM Tris pH 8, 0.5% sodium deoxycholate, 0.2 

mM PMSF, 20 µg/ml aprotinin, 10 µg/ml leupeptine, 1 mM Na-orthovanadate and 10 U/ml 

DNase) and the lysate was centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant 

was pre-cleared with protein A magnetic beads (New England Biolabs), and incubated with 

5 µg of polyclonal anti-ERCC6 (A. F. Schützdeller, Germany) for 1 h at 4 °C. Protein A 
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magnetic beads were incubated with immune complexes for 1 h at 4 °C, and beads were 

collected using the accompanying magnet. The beads were washed three times and proteins 

were analyzed by SDS-PAGE and visualized by a Molecular Imager and silver stain.

2.6.2. Casein kinase 2 activity in solution—Human recombinant casein kinase2, 

CK2α protein, was purified as previously described [45]. CK2α protein (100 ng) was 

modified with varying HNE concentrations (10, 100 and 200 µM) for 10 min at RT. The 

CK2 kinase in-solution assay was performed in a final volume of 50 µl. The incubation 

mixture contained 100 ng of purified human recombinant CK2α, 75 µg of casein, 20 mM 

Tris–HCl, pH 7.5, 20 mM MgCl2, 50 µM γ [32P]ATP (100–200 cpm pmol−1). After 20 min 

of incubation at 30 °C, 40 µl of the assay mixture with casein was spotted onto 3 mm filter 

strip, and then the filters were washed five times for 10 min in 5% TCA. Next, the filters 

were washed in 96% ethanol, dried, and the radioactivity was measured in a scintillation 

counter.

2.7. ATPase activity of the CSB protein

Recombinant CSB wt protein used for the assay was purified using a modified method of 

Citterio et al. [10]. CSB protein (50 ng) was modified with varying HNE concentrations (10, 

100 and 200 µM) for 10 min at 30 °C. Reactions were performed in standard CSB ATPase 

buffer, without dithiothreitol (DTT). After incubation, excess of HNE was deactivated by 

addition of 1 µl of 1 mM DTT to the final concentration of 0.1 mM DTT, and modified 

protein was immediately used for ATPase assay. ATPase activity was measured as described 

[13]. Reaction mixture (total volume 10 µl) contained 150 ng of dsDNA cofactor bearing a 

bubble structure (15 nt), 50 ng CSB protein, and 1 µCi [γ-32P] ATP (3000 Ci/mmol; 

Amersham Biosciences) in 20 mM Tris–HCl pH 7.5, 4 mM MgCl2, 1 µM ATP, 40 µg/ml 

BSA, 1 mM DTT buffer. Reactions were incubated for 1 h at 30°C and stopped by the 

addition of 5 µl 0.5 M EDTA. One microliter of each sample was analyzed on a 

polyethylenimine-cellulose thin layer chromatography plate (PEI Cellulose F, Merck) 

developed in 2 M LiCl and 0.5 M formic acid. Plates were analyzed by phosphorImaging 

and the ATPase activity of CSB was analyzed using Image Quant software (Molecular 

Dynamics). Results from at least three experiments are reported.

2.8. Homology modeling of CSB protein ATPase domain

The structure of the CSB helicase domain was modeled using zebrafish Rad54 as a template 

(PDB code 1z3i) [46]. Both template structure and sequence alignment have been found 

using ModBase service [47]. The CSB 483–1079 region was aligned with Rad54 123–733 

fragment (e-value 4e−95). The model of a CSB SWI2/SNF2 chromatin-remodeling domain 

(helicase ATP-binding and helicase C-terminal domains) was built using Modeler software. 

A model of ATPgammaS molecule was docked manually into the putative binding site of 

the CSB model.
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3. Results

3.1. HNE toxicity for CSB mutants

To investigate the role of CSB in the processing of HNE-DNA adducts, we studied its cyto- 

and genotoxic properties in CSB-proficient and -deficient cell lines. HNE appeared to be 

highly toxic for both lines, however, CSB-deficient cells were more sensitive to HNE than 

wild-type cells (Fig. 1). IC50 for CSB-deficient cells was 1.3 µM, while for isogenic CSB-

proficient cells it was 4.4 µM HNE.

3.2. Sister chromatid exchanges (SCEs)

HNE induced SCEs in a dose-dependent manner in both CSB-proficient and -deficient cell 

lines. However, significantly higher number of SCEs was induced in CSB-deficient cells (30 

SCEs/cell at 1 µM HNE, and 45 SCEs/cell at 3 µM HNE) than in their wild-type 

counterparts (20 SCEs/cell at 1 µM HNE, and 28 SCEs/cell at 3 µM HNE) (Fig. 2). These 

results suggest that lack of functional CSB protein increases homologous recombination 

after HNE treatment.

3.3. Transcription inhibition

In order to further clarify whether HNE-DNA adducts may be substrates for TCR, we 

investigated whether their presence in DNA could inhibit transcription. T7 RNA polymerase 

generated RNA products of 1500, 2000 and 3000 ribonucleotides on undamaged linearized 

pTZ19R plasmid (Fig. 3). Modification of the DNA template with HNE caused inhibition of 

transcription in vitro by T7 RNA polymerase. Already at 0.1 mM HNE, formation of 3000 

nt transcript was inhibited, whereas transcription of two other products, 1500 and 2000, was 

gradually decreased upon template modification with 0.1–10 mM HNE. Modification of the 

template with 20 mM HNE completely abolished RNA synthesis (Fig. 3).

In order to investigate whether HNE affects transcription also in mammalian cells, linearized 

pGL3 plasmid carrying promoter for luciferase gene was modified in vitro with 0.1–30 mM 

HNE (24 h at 37 °C, pH 5.5) and used as a template for transcription by HeLa cell-free 

extracts. The amount of transcript decreased gradually with increasing HNE concentration 

(Fig. 4A). It is, however, indispensable to note that HNE-modified plasmid was partially 

degraded by the HeLa cell-free extract, most probably due to numerous incisions caused by 

DNA repair enzymes recognizing damaged DNA. For the quantification of transcription 

inhibition we thus measured the ratio of the transcript quantity to the quantity of the 

template, and subsequently compared these values at different HNE concentrations (Fig. 

4B). The identity of transcription product was confirmed by digestion with RNase A (not 

shown).

We also wanted to know whether transcription machinery itself may be affected by HNE. 

When HeLa cell-free extract was pretreated with HNE (2 h on ice), transcript quantity also 

gradually decreased; at 0.1 mM HNE reaching ~40% of the activity of HNE non-treated 

extract, and at 5 mM, only ~20% (Fig. 5). Under these conditions only marginal template 

degradation was observed; however, for comparison, the quantification was done as in Fig. 

4B.
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These results suggest that HNE may inhibit transcription in human cells by inhibition of 

RNA polymerization when HNE-DNA adducts are present in the template, but also by direct 

inhibition of transcription enzymes. Enzymes inhibition occurs, however, at very high HNE 

concentrations.

3.4. CSB protein dephosphorylation in cells treated with HNE

After UV irradiation of mammalian cells, the CSB protein undergoes dephosphorylation. 

This stimulates its ATPase activity and possibly favors switching to the TCR pathway 

[13].We observed that treatment of cells with HNE triggered the CSB dephosphorylation in 

a dose-dependent manner. A significant decrease in CSB phosphorylation was observed 

already at the lowest HNE concentration (1 µM), and at 20 µM HNE almost all protein was 

dephosphorylated (Fig. 6).

The observed effect was probably not due to the decreased phosphorylation of the CSB 

protein, since the activity of the main CSB kinase, casein kinase 2 was not affected in vitro 

by high 100–200 µM HNE concentrations (Table 1).

3.5. Inhibition of CSB ATPase activity by HNE

It was previously shown, that HNE may directly affect the activity of some DNA repair 

proteins. Treatment of cells with HNE inhibited excision of benzo[a]pyrene adducts and UV 

dimers from DNA, probably by HNE binding to one or several NER proteins [48] and 

inhibition of the NER machinery. Here, we investigated whether HNE is able to inactivate 

the ATPase activity of CSB protein in vitro. We observed significant inhibition of ATP 

hydrolysis using CSB protein pre-treated with HNE, however, only when higher HNE doses 

were used (100–200 µM) (Fig. 7A). At 10 µM HNE, a slight reduction of CSB ATPase 

activity was observed (72% of the ATP underwent hydrolysis). At 100 µM HNE, 44% ATP 

was hydrolyzed to inorganic phosphate, and at 200 µM HNE, 4% (Fig. 7B).

3.6. Cell lines bearing mutations in different motifs of the CSB ATPase domain respond 
differentially to HNE treatment

To analyze the role of the ATPase activity of CSB on the repair of HNE-induced DNA 

lesions, we used cell lines expressing CSB proteins mutated in different conserved motifs of 

the ATPase domain (Fig. 8A). CSB protein mutated in the ATPase motif II, V or VI is 

affected in the ATPase activity, and cells bearing these mutations are sensitive to UV and 

oxidative stress [7,13]. The motif II mutant (E646Q) appeared to be defective in TCR and 

GGR CSB function [49]. Motif V (T912–913V) and motif VI (Q942E and R946A) mutants 

are probably defective in base excision repair (BER) [49,50]. In our study, the motif II 

mutant was as sensitive to HNE as CSB null cells transformed with the empty vector. Both 

cell lines expressing CSB protein mutated in motif VI of the ATPase showed intermediate 

sensitivity to HNE, while the sensitivity of motif V mutant to HNE resembled that of the 

wild-type line (Fig. 8B). Thus, the CSB ATPase domain involved in TCR seems to be 

important for processing of HNE-DNA adducts, while domains which are involved in BER 

are less or not engaged. It should be mentioned that although unsubstituted ethenoadducts 

are repaired by BER [51], our previous studies failed to detect these lesions in nucleosides 

reacted with HNE in non-oxidizing and oxidizing conditions [27].
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3.7. Homology modeling of the CSB protein

So far, no proteins of the SNF2 family, which CSB belongs to, were crystallized. Based on 

the model of zebra fish Rad 54 protein [46] we constructed a model of the CSB protein 

ATPase domain (Fig. 9). The mutations in the CSB ATPase domain carried by the 

investigated cell lines were mapped into the tri-dimensional structure of CSB protein. 

Structural analysis suggests that the amino acids changed in ATPase motifs II and VI are 

located closer (2.79–10.5 Å) to the ATP binding site than the amino acids mutated in motif 

V (10.98–16.11 Å) (Fig. 9).

4. Discussion

Cockayne syndrome (CS) is an inherited neurodevelopmental disorder with progeroid 

features. The genes responsible for CS have been implicated in a variety of DNA repair- and 

transcription-related pathways [52]. Among them, it was found that the level of 8-oxoG in 

DNA is increased in CSB-deficient cells and that its repair is delayed [53]. However, the 

nature of the molecular defect in CS remains elusive. Particularly, modulation of chromatin 

metabolism and apoptosis by cellular metabolism still deserve attention. Massive protein 

carbonylation caused by oxidative stress and LPO in tissues of aging people and patients 

with neurodegenerative disorders [54], prompted us to investigate the effect of one of the 

major LPO products, HNE, on CSB protein activities in vitro and in human cells.

Here, we show that CSB−/− cells are hypersensitive to low physiological concentrations of 

HNE, and in response to HNE, they develop higher number of SCEs than their wild-type 

counterparts (Figs. 1 and 2). This suggests that HNE-DNA adducts may block replication 

and trigger recombination at stalled replication forks, and that lack of functional CSB 

protein increases recombination after HNE treatment. CSB protein plays a major role in 

initiation of the repair of the transcribed DNA strand, by recruiting histone acetyltransferase 

p300 and NER proteins to RNA polymerase II stalled at a DNA lesion. This initiates repair 

of the transcribed DNA strand and decreases the number of potential sites of recombination 

caused by DNA damage [55].

Our in vitro data demonstrate, that HNE-DNA adducts, when present in the template, inhibit 

RNA synthesis by T7 RNA polymerase (Fig. 3), already at 0.1 mM HNE, for the longest 

transcription product. A brief estimation of adduct number can be proposed, based on 

literature data. On average, 1.2 HNE-dG adducts per 1000 bp were quantified in plasmid 

DNA modified in vitro with 192 mM HNE for 20 h [56]. Thus, in our study at 20 mM HNE, 

where no transcription product was observed, approximately 0.12 HNE-dG adduct/1000 bp, 

which equals 0.69 per 5.8 kb plasmid, is expected. This rough estimation suggests that 

HNE-DNA adducts may constitute a very strong hindrance to RNA synthesis by T7 RNA 

polymerase.

We also observed inhibition of transcription when the reporter luciferase gene was 

transcribed by HeLa cell-free extracts from HNE-modified template (Fig. 4) as well as when 

HNE pre-treated extract proteins transcribed unmodified plasmid DNA (Fig. 5). When 

extract was incubated with HNE, 50 µM HNE was sufficient to retard transcription by 

~20%, whereas, when DNA was modified, only at 1 mM HNE a comparable inhibition of 
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transcription was observed. HNE concentration in humans may reach quite high values. For 

example, in human monocytes the basic HNE level equals 1 µM, but when monocytes are 

fed with malaria pigment, hemozoin, HNE may increase up to 46 µM, and in kidney tubular 

cells may be even higher [24]. Thus, in stress conditions HNE effect on transcription 

machinery may be non-negligible. HNE reacts poorly with DNA and very well with 

proteins, which could explain differences between HNE concentration necessary to inhibit 

transcription when either DNA or cellular extract was reacted with HNE. However, in cells, 

HNE oxidation will result in formation of epoxide, which readily reacts with DNA [26,34]. 

Thus, our results suggest that transcription inhibition by HNE in human cells may have dual 

impacts, by creating a steric hindrance for RNA polymerase by bulky HNE-DNA adducts, 

and by transcription machinery inactivation due to modification by HNE. The latter 

mechanism may be of limited importance, since occurs only at very high HNE 

concentrations.

We also observed dose-dependent dephosphorylation of CSB protein in cells incubated with 

HNE (Fig. 6), similar to the effect of UV. UV light stimulates dephosphorylation of the CSB 

protein by protein phosphatase I, which increases the CSB ATPase activity, and in 

consequence activates TCR [13]. In our study, decreased CSB phosphorylation was not 

likely to be caused by inhibition of CSB phosphorylation, since the activity of the main CSB 

kinase, CK2 was not affected in vitro by high HNE concentrations up to 200 µM (Table 1). 

The molecular mechanism of CSB dephosphorylation is not explained. Since HNE may bind 

both to DNA and to proteins, it is not clear whether the signal comes from damaged DNA 

and the change of chromatin structure, or from direct interaction of HNE with specific 

proteins. If the signal comes from damaged DNA, HNE is quite efficient in inducing CSB 

dephosphorylation. At 10 µM HNE, the CSB dephosphorylation was almost complete (Fig. 

6). Based on literature data [56], 0.06 HNE-dG adducts/Mb are expected in this DNA (and 

0.06 HNE-dC adducts/Mb, since cytosine is as efficiently modified by HNE as guanine, 

while adenine and thymine much less efficiently [26]). 6 J/m2 of UVC, inducing 

approximately 45 CPD/Mb [57], triggered CSB dephosphorylation comparable to 10 µM 

HNE in wild-type cells [13]. One should, however, bear in mind that HNE easily undergoes 

further oxidation by cellular metabolism, which significantly increases its affinity to DNA, 

so our calculations may be underestimated. The endogenous level of HNE-dG adducts in 

humans is quite high, e.g. in human colon epithelium was estimated for 0.27–0.35 HNE-

dG/Mb [58]. These brief estimations suggest that HNE may be at least as potent as UV to 

trigger CSB dephosphorylation.

Previous studies showed that NER activity is inhibited by HNE [48]. Affected proteins were, 

however, not identified. One cannot exclude that HNE treatment of cells deficient in TCR, 

could inhibit proteins participating in GGR, increasing the sensitivity of the cells to HNE. In 

experiments conducted by Feng et al. [48] only high HNE concentrations (50–100 µM) 

exerted this inhibitory effect. We observed that the ATPase activity of the CSB protein is 

inactivated in vitro by HNE (Fig. 7). Significant inhibition occurred only at very high HNE 

concentrations (100 and 200 µM) that are rare in living organisms [23].However, CSB 

protein was incubated only for 15 min with HNE. Since LPO products are quite stable in 

Maddukuri et al. Page 10

Mutat Res. Author manuscript; available in PMC 2015 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells, inhibition of CSB protein and TCR in aged individuals, in which LPO is enhanced, 

might reach a significant extent.

The strong toxic and recombinogenic properties of HNE in CSB cells may also be caused by 

its ability to trigger formation of inter-strand DNA–DNA cross-links [59]. Richards et al. 

[60] showed that CSB participates in cross-link repair in Chinese hamster ovary cells. DNA 

inter-strand cross-links can be repaired by both NER pathways, GGR and TCR, as well as 

by homologous recombination. It is likely that CSB is involved in the repair of cross-links at 

multiple cell cycle phases, including G1 for incision and S phase for recombination. It is 

also possible that in response to DNA damage, CSB links both TCR and recombination.

Recently, it was found that the CSB protein has strand annealing and exchange activities, 

which might be engaged in mitotic recombination and/or restoration of stalled replication 

fork due to encountered damage [4]. This activity is stimulated by dephosphorylation of 

CSB, however, ATP binding inhibits its ssDNA annealing activity [4], and ATP hydrolysis 

is not required for strand annealing and exchange.

In order to get a better insight into the mechanism of HNE-DNA adduct processing by the 

CSB protein, we have investigated the sensitivity to HNE of CSB-null cell lines bearing 

plasmids with the CSB gene mutated in different ATPase motifs. These cell lines were 

previously shown to efficiently express all mutated proteins [13]. The ATPase motif II-

mutant of CSB can bind ATP and DNA [13], but is completely deprived of the ATPase 

activity. The motif II-mutant is very sensitive to UV and 4-NQO and is unable to recover 

RNA synthesis after UV and 4-NQO, thus appears defective in TCR-NER. The motif II-

mutated cell line was as sensitive to HNE as CSB-null cell line (Fig. 8). The homology 

model of the CSB protein showed that the mutated amino acid in CSB motif II is located in 

close vicinity to the ATP binding site and may be engaged in ATP binding and/or 

hydrolysis, necessary for TCR, but not for BER (Fig. 9). Studies of the mitochondrial repair 

of oxidative damage in CSB motif II-mutant human cells by Stevnsner et al. [61], failed to 

find an influence of the CSB ATPase activity on 8-oxoG repair in vitro or in vivo. Mutants 

in ATPase motifs V and VI of CSB protein exhibit an almost complete inhibition of the 

ATPase activity, reduced ATP binding in vitro, UV-induced apoptosis, and do not recover 

RNA synthesis after UV [62]. Both these mutants are defective in BER. We observed that 

motif V-mutant was similarly sensitive to HNE as the wild-type cell line, while motif VI-

mutant showed an intermediate sensitivity between that of the CSB null cell line and the 

wild-type cells (Fig. 8). Homology modeling suggests that the amino acids changed in 

ATPase motifs II and VI are located closer to the ATP binding site than the amino acids 

mutated in motif V (Fig. 9). Mutations in motifs II and VI reverse or neutralize the charge at 

the ATP binding site (Glu→Gln; Glu→Gln or Arg→Ala). Mutations in motif V create a 

more hydrophobic environment of the ATP binding site (Thr→Val). Whether and how such 

change in hydrophobicity may change CSB ATPase activity in contact with DNA containing 

hydrophobic HNE adducts, remains to be established. However, no difference in sensitivity 

to HNE was observed between the wild-type cells and CSB motif V mutants. An alternative 

explanation may be that mutations in motif V, in contrast to those in motifs II and VI, do not 

interfere with an alternative repair mechanism, e.g. recombination, which may supplement 

the deficient TCR and/or GGR. This, however, needs further studies.
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The obtained data suggest that HNE-induced DNA adducts that are endogenous lesions 

trigger replication and transcription arrest. These lesions may be processed by homologous 

recombination and possibly by TCR, since they require an active CSB protein. In normal 

cells, low HNE concentrations activate TCR via CSB protein dephosphorylation. In contrast, 

at very high concentrations HNE may inhibit TCR, probably by a direct adduction to CSB 

protein leading to inactivation of the enzyme, that may accelerate cell death. Hence, HNE-

induced DNA damage may play a role in neurological and developmental abnormalities and 

premature aging observed in CS patients.
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Fig. 1. 
Clonogenic survival of transformed CSB-deficient, CS1AN/pc3.1, (○) and CSB-proficient, 

CS1AN/pc3.1-CSBwt (●) cell lines after 2 h of treatment with HNE. HNE survival curve 

represents the mean of three independent experiments. Error bars represent the standard 

errors of the mean.
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Fig. 2. 
Sister chromatid exchanges (SCEs) induced by HNE in CSB-deficient, CS1AN/pc3.1 (black 

bars) and CSB-proficient, CS1AN/pc3.1-CSBwt (white bars) cell lines. Error bars represent 

standard errors of the mean. Statistically significant differences are indicated as follows: *p 

< 0.05; ***p < 0.0005 (Student’s t-test).
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Fig. 3. 
In vitro transcription by T7 RNA polymerase on undamaged templates and the template 

modified with HNE. Lanes:C(−), negative control, transcription reaction performed in the 

absence of T7 RNA polymerase; C(+), positive control, transcription performed on 

undamaged DNA; Mock, control transcription performed on undamaged DNA that has been 

treated as HNE modified DNA but without HNE; HNE, transcription performed on DNA 

modified with different HNE concentrations (0.1–30 mM for 24 h, pH 5.5 at 37 °C).
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Fig. 4. 
In vitro transcription by HeLa cell-free extract on undamaged templates and on the 

templates reacted with HNE. Lanes: C(−), negative control, transcription reaction performed 

in the absence of HeLa cell-free extract; C(+), positive control, transcription performed on 

undamaged DNA; Mock, control transcription performed on DNA that has been treated as 

HNE modified DNA but without HNE; HNE, transcription performed on DNA modified 

with different HNE concentrations (0.1–30 mM for 24 h, pH 5.5 at 37 °C).
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Fig. 5. 
In vitro transcription activity by unmodified and HNE modified HeLa cell-free extract on 

undamaged templates. Lanes: C(−), negative control, transcription reaction performed in the 

absence of HeLa cell-free extract; Mock, control transcription performed by the extract that 

has been treated as HNE modified extract but without HNE; HNE, transcription performed 

by extracts modified with different HNE concentrations (0.05–5 mM for 2 h, on ice).
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Fig. 6. 
Dephosphorylation of CSB protein upon treatment of cells with HNE, autoradiography 

(upper panel) and silver staining of the CSB protein. GM00038 (wt) cells were exposed to 

the indicated doses of HNE for 30 min and incubated for 4 h with 100 µCi of 32P phosphate. 

The cells were lysed and immunoprecipitated with antibody against CSB. 

Immunoprecipitated proteins were analyzed by PAGE. The pictures are representatives of 

three independent experiments.
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Fig. 7. 
Inhibition of CSB ATPase activity after HNE treatment. (A) Thin layer chromatography 

with CSB ATPase reactions. Lanes: C(−), negative control, ATPase reaction performed in 

the absence of recombinant CSB wt protein; C(+), positive control, ATPase reaction 

performed in the presence of recombinant CSB wt protein; Mock, control reaction 

performed with unmodified recombinant CSB wt protein that has been treated as HNE 

modified protein, but without HNE; [10, 100, 200], ATPase reaction performed with 

recombinant CSB wt protein modified by different HNE concentrations: 10, 100 or 200 µM. 
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(B) Percent of ATP hydrolysis incision from the data shown in (A). Data points are the 

means of at least three independent experiments with SDs indicated by error bars.
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Fig. 8. 
(A) Schematic representation of the CSB protein and CSB amino acid sequence of 

conserved regions in ATPase motifs II, V, and VI. Amino acids mutated in CSB in the 

different cell lines used are indicated in bold underlined letters. (B) Comparison of the 

sensitivity of cell lines bearing different mutations in CSB protein towards HNE. The data 

are the means of three independent experiments. Error bars represent SD of the mean.
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Fig. 9. 
Homology model of the ATPase motif of the CSB protein with ATP molecule in ATP 

binding site. The amino acid at the site of 646 E→Q mutation (domain II) is marked in 

violet, at 912 and 913 TT→VV site (domain V) in green, at 942 Q→E and 946 R→A 

(domain VI) in red. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of the article.)

Maddukuri et al. Page 26

Mutat Res. Author manuscript; available in PMC 2015 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Maddukuri et al. Page 27

Table 1

Effect of CK2 kinase pre-incubation with HNE on its enzymatic activity.

HNE concentration (µM) % Activity (AV ± SD)

0 100 ± 0

10 96 ± 20

100 95 ± 9

200 100 ± 3
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