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Cover Letter 

 

MS ID#: MCBI-D-16-01063 

Original title: The presence of modified nucleosides in extracellular fluids leads to the 

specific incorporation of 5-chlorocytidine into RNA and modulates the transcription 

and translation. 

 

Dear Prof. Dhalla, 

Dear Editor-in-Chief, 

 

We have the pleasure to submit a revised version of our manuscript entitled “The 

presence of modified nucleosides in extracellular fluids leads to the specific 

incorporation of 5-chlorocytidine into RNA and modulates the transcription and 

translation”.  

Please find hereafter our point-by-point answers to the comments and 

suggestions of the referee. The manuscript has been carefully revised according to 

their comments and the modifications have been directly introduced in the revised 

version. Concerning the references, we also used the zip file from the website in 

order to encode references via endnote. 

 

 

 

      Prof. Pierre Van Antwerpen 

      (Corresponding author) 

Response to Reviewer Comments



General comments: 

The referee states that the manuscript shows an exposure of 2 model cell types, 

immortalized endothelial cells and primary epithelial prostatic cells, to chlorinated 

nucleosides results in the selective incorporation of 5-chlorocytidine into the RNA, 

which may influence the translation yield. It is shown that all the chlorinated 

compounds penetrate into the cells, yet only 5-chlorocytidine is incorporated to a 

significant extent into RNA and not DNA. The extent of incorporation differs between 

cells type, which may reflect a limitation of the study, whereby the length of 

incubation of each cell type with the chlorinated nucleosides is different, which will 

affect the extent of incorporation and / or turnover. 

 

This general comment is more specifically discussed in the ‘specific comments’ 

stated below by the referee. We suggest looking at the point-by-point answer to the 

specific comments 

 

Specific comments: 

 

1) In respect to the ability of HOCl or MPO to chlorinate RNA / DNA within the 

cells, as the authors indicate, these experiments were performed in the 

presence of cell culture media and serum, which will have quenched the HOCl 

prior to it reacting with the cells. It is important to indicate the concentration of 

active chlorine species present on addition of HOCl to DMEM / serum in the 

absence of cells. 

A: The HOCl solution was obtained after dilution from a stock solution of sodium 

hypochlorite (12 % chlorine; 150-182 g/L active chlorine according the 

manufacturer). The concentration was calculated by measuring extemporary the 

absorption of the diluted solution at 292 nm using 350 M-1 cm-1 as extinction 

coefficient. Based on this calculation, the volume of HOCl solution was added in 

the culture medium to obtain a final concentration of 300 µM which corresponds 

to 0.06 g/L of active chlorine species. 

This value has been added to the manuscript in section ‘Chlorination of nucleic 

acid in endothelial cells by HOCl or by MPO/H2O2/Cl- (MPO system) between 

brackets. 

 



2) The cell density and actual incubation time of the cells with chlorinated 

nucleosides for each cell type should be indicated - time taken to reach 20-50% 

confluence does not allow for easy comparison, and would be critical to the extent of 

incorporation and possibly removal by repair mechanisms. 

 

A : The referee is right when complaining about the incubation time and clarification. 

Immortalized endothelial cells grow faster (24-48 h) than primary culture of prostatic 

cells (3-18 days). As mentioned in the manuscript, incorporation of ClCyt in RNA 

does not appear in prostatic cells unless the modified medium was changed 24h 

before while after 24 or 48 h of incubation time with endothelial cells, the 

incorporation was detected (table 2). This phenomenon could be explained by the 

half-life of mRNA which is between 5 and 15 h and the depletion of ClCyt cytoplasmic 

pool. 

In this context, it is difficult to compare both cellular models and consequently the 

phrase: “The ClCyt incorporation was 1.7 times higher for epithelial prostatic cells in 

comparison with endothelial cells (see Table 2)” in section Cellular penetration and 

incorporation of modified nucleosides has been removed. 

In order to clarify this point and to also answer to the point 4, we transform the figure 

2 into table 2 where are written down the incubation times. The text has been also 

modified accordingly. 

 

3) The authors report that RNA instability could account for lack of 5-

chlorocytidine incorporation if fresh chlorinated nucleoside-containing media is not 

applied to the cells the day before lysis. An alternative is that deamination occurs, 

resulting in 5-chlorouracil - this ionizes poorly and is not usually identified by LC-MS. 

 

A: In preliminary study, we firstly optimized the acquisition and quantification of 5-

Cl(d)Uracil, because those modified nucleotides were expected according literature. 

The acquisition could be done in negative mode by LC-MSMS. Secondly, we 

oxidized DNA and mRNA by HOCl and the MPO system in order to select the 

nucleotides of interest. Despite our method was able to detect 5-Cl(d)Uracil, we were 

unable to detect them after direct oxidation and enzymatic hydrolysis. It remains 

unclear whether the deamination occurs on the nucleic acid or after release of the 5-



ClCyt in biological fluids, spontaneously or enzymatically. Moreover treatment by acid 

hydrolysis (prior to GC-MS) could be a cause of deamination of ClCyt in ClUracil; but 

we do not use this kind of treatment. Actually, we did not detect them after mRNA 

extraction and enzymatic hydrolysis. However, we suggest adding a sentence in the 

manuscript to take this possible phenomenon into account. 

 

4) Figure 2 shows 3 figures each with only one bar showing 5-chlorocytidine 

incorporation. These data could be better displayed in a Table. 

 

A: This modification has been applied and table 2 created. The figures were 

renumbered accordingly. 

 

5) Expression of incorporation data as a ratio of modified / unmodified 

nucleosides makes the data difficult to compare back to previous studies, or studies 

where cells are exposed to HOCl / MPO systems as the more common way of 

expressing modification of nucleosides is as pmol / mol parent. 

 

A: We agree with the referee. Actually, authors used different units expressing 

modifications of nucleosides:  

Masuda et al. (2001) used numbers of lesions per 105 (d)Gua. 

Badouard et al. (2005) used numbers of lesions per 106 cells. 

Jiang et al. 2003 used mol ClUra/106 mol Thy. 

Whiteman et al. (1999) used nmol/mg DNA. 

… 

We choose to calculate the ratio ClCyt/Cyt, first, to normalize results according to the 

amount of nucleic acid extracted which is provided by Cyt amount and to better 

compare different conditions. We could suggest to express this also in ppm and add 

this in table 2. 
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Abstract 

Myeloperoxidase (MPO) is able to promote several kinds of damage and is involved in 

mechanisms leading to various diseases such as atherosclerosis or cancers. An example of 

these damages is the chlorination of nucleic acids, which is considered as a specific marker of 

the MPO activity.  

Aims: Since 5-chlorocytidine has been recently shown in healthy donor plasmas, this study 

aimed at discovering if these circulating modified nucleosides could be incorporated into 

RNA and DNA and if their presence impacts the ability of enzymes involved in the 

incorporation, transcription and translation processes.  

Results: Experimentations, which were carried out in vitro with endothelial and prostatic 

cells, showed a large penetration of all chloronucleosides but an exclusive incorporation of 5-

chlorocytidine into RNA. However, no incorporation into DNA was observed. This specific 

incorporation is accompanied by an important reduction of translation yield. Although, in 

vitro, DNA polymerase processed in the presence of chloronucleosides but more slowly than 

in control conditions, ribonucleotide reductase could not reduce chloronucleotides prior to the 

replication. This reduction seems to be a limiting step, protecting DNA from chloronucleoside 

incorporation.  

Conclusion: This study shows the capacity of transcription enzyme to specifically incorporate 

5-chlorocytidine into RNA and the loss of capacity ˗complete or partial˗ of different enzymes, 

involved in replication, transcription or translation, in the presence of chloronucleosides. 

Questions remain about the long-term impact of such specific incorporation in the RNA and 

such decrease of protein production on the cell viability and function.  
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Introduction 

Although acute inflammatory reaction is a beneficial host defense mechanism, an inadequate 

resolution and uncontrolled inflammatory reactions can lead to chronic inflammatory 

syndromes and also to cancer development [1,2]. Indeed, a link between inflammation, 

oxidative stress and carcinogenesis (cancer of stomach, liver, prostate, pancreas, …) has been 

established for a long time [3-5]. Chronic inflammation induces alteration of various 

biochemical processes: (i) an imbalance of the cellular redox regulation toward oxidative 

stress, generating cellular ROS/RNS, (ii) an increase of DNA damages, inactivation of DNA 

repair mechanisms and induction of genomic instability, (iii) a stimulation of cell 

proliferation, angiogenesis and metastasis by kinases and transcription factors activation and 

by tumor suppressor genes inactivation, (iv) a deregulation of cellular epigenetic control in 

gene expression and (v) an inappropriate epithelial-to-mesenchymal transition [1]. All these 

alterations are involved in carcinogenesis and can be illustrated by so many concrete 

examples. Among factors identified into these altered processes, an enzyme is often cited, 

myeloperoxidase (MPO) [1]. 

This hemic enzyme is mainly contained in azurophilic granules of neutrophil [6]. MPO is able 

to produce hypochlorous acid (HOCl) in the presence of chloride anions (Cl-) and hydrogen 

peroxide (the MPO/H2O2/Cl- system) conferring an antimicrobial action to it [2,7,8]. 

However, MPO is also present in extracellular fluids after degranulation of neutrophils 

(oxidative stress) or associated with neutrophil extracellular trap [9,10]. When MPO diffuses, 

its oxidative products, such as hypochlorous acid, are able to react with different targets, as 

proteins, lipids, DNA and RNA [11-13]. Several chlorinated DNA/RNA products from MPO 

activity have been shown [14-16]. Henderson et al. (1999) suggested that HOCl is an 

intermediate in 5-chloro-2’-deoxycytidine production by the MPO/H2O2/Cl- system. 

Furthermore, Stanley et al. (2010) showed that the cellular genetic material can be chlorinated 
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by HOCl and N-chloramines, producing 8-chloro-2’-deoxyguanosine (CldGua), 5-

chlorocytidine (ClCyt), 5-chloro-2’-deoxycytidine (CldCyt), 8-chloro-2’-deoxyadenosine 

(CldAdo) in DNA and RNA. Masuda et al. (2001) showed a major production of CldGua and 

ClCyt in isolated RNA and DNA.  

The research of modified nucleobases in genetic material is an important aspect, especially as 

a sustained inactivation of the DNA repair pathways, caused by inflammation, contributes to 

cancer development. For instance, Gungor et al. (2007) highlighted MPO itself (from 

activated neutrophils) inhibits Nucleotide Excision Repair (NER) pathway in human alveolar 

epithelial cells using an in vitro inflammatory simulation [17] but this inhibition mechanism 

has not been confirmed in vivo yet [18]. Although MPO is mainly expressed in neutrophils 

and to a lesser extent in monocytes [6], aberrant MPO expression was observed in several 

diseases in non-myeloid cells, as epithelial ovarian cancer cells [19]. Recently, Roumeguere et 

al. (2012) localized for the first time MPO into secretory prostatic epithelial cells of patients 

suffering from prostatic lesions (cancer, prostatic intraepithelial neoplasia PIN, prostatitis and 

benign prostatic hyperplasia BPH) [20]. Now, acute inflammation in response to bacteria 

(bacterial prostatitis) induces a prostate epithelial cell proliferation by loss of key regulator 

(NKX3.1) expression and an increase in Gleason grade. This study highlighted a potential link 

between inflammation and neoplasia [21,3]. Nowadays, MPO role is not clearly involved in 

some diseases but it is important to assess its activity and consequences of chlorinated product 

generation.  

Although its origin has not been known (in situ by oxidation, via circulating MPO or from 

degradation and elimination), ClCyt has been shown for the first time in plasma of healthy 

donors [22]. While into urines of diabetic patients, 8-halogenated dGua have been highlighted 

by Asahi et al. (2010). Given that circulating chlorinated nucleosides have never been studied, 

this project aimed at measuring the impact of the presence of these modified nucleosides in 
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extracellular fluids on replication, transcription and translation. For this reason, we determine 

if circulating chlorinated nucleosides could penetrate into cells and then incorporate into RNA 

and/or DNA. The ability of enzymes involved in the incorporation, transcription and 

translation processes were also tested in the presence of chlorinated nucleosides.   

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

6 

 

Material and methods 

Materials and reagents 

Ammonium acetate, LC/MS-grade methanol, hydrolysis enzymes, RIPA buffer, dithiothreitol 

(DTT), deoxy-nucleotides triphosphate (dNTP) mix for PCR, primers for PCR (66F and 

255R), (2’-deoxy)cytidine ((d)Cyt), (2’-deoxy)guanosine ((d)Gua), 8-oxo-(2’-

deoxy)guanosine (oxo(d)G) and internal standards (5-fluorocytidine and Labeled dGua) were 

purchased from Sigma Aldrich (Steinheim, Germany). Sodium hypochlorite (150-182 g/L 

active chlorine) was purchased from Carl Roth (Karlsruhe, Germany). Chlorinated 

nucleosides (Cl(d)Gua and Cl(d)Cyt) were obtained from BioLog Life Science Institute 

(Bremen, Germany). Protease inhibitors (cOmplete™ ULTRA Tablets) were purchased from 

Roche (Mannheim, Germany). RNeasy Mini Kit and DNeasy Blood & Tissue Kit were from 

Qiagen (Hilden, Germany). Human recombinant MPO (hrMPO; 121 U/mg) was produced as 

described by N. Moguilevsky [23]. HBSS, DMEM, DMEM-added antibiotics (penicillin 100 

U/mL and streptomycin 100 µg/mL), human prostate epithelial cells PrEG and their medium 

PrEGM were purchased from Lonza (Verviers, Belgium). Additives for DMEM (10 % FBS, 2 

% of a 50x concentrated HAT and 1 % of a 100x concentrated solution of non-essential amino 

acids) were obtained from GIBCO (Thermo Fisher Scientific). Endothelial cells EA.hy926 are 

an immortalized endothelial cell line derived from human umbilical veins HUVEC. Plasma 

samples were prepared from blood drown from healthy donors and dialyzed patients. This 

study is suitable to the Declaration of Helsinki and its protocol was approved by the Ethics 

Committee of the ISPPC (“Intercommunale de Santé Publique du Pays de Charleroi”) 

Hospital. The transcription kit called mMessage mMachine T7 Ambion®, Phusion GC buffer 

and Phusion DNA polymerase were obtained from Thermo Fisher Scientific (Waltham, MA, 

United States). Rabbit reticulocyte lysates, amino acid solution (without methionine) and 

RNasine were purchased from Promega (Leiden, Netherlands). Radiolabeled methionine 35S-
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Met was from PekinElmer (Waltham, MA, United States). SYBR green was obtained from 

Eurogentec (Seraing, Belgium). 

Chlorination of nucleic acid in endothelial cells by HOCl or by MPO/H2O2/Cl- (MPO 

system) 

Endothelial cells (EA.hy926) were divided in wells and incubated at 37°C until 100% 

confluence point (1.106 of cells/well). Thereafter cells were incubated in triplicate with or 

without HOCl (300 µM; 0.06 g/L active chlorine species) in DMEM for 30 minutes or with or 

without hrMPO (200 ng/mL) and H2O2 (100 µM) in DMEM for 24h. DNA, RNA and 

cytoplasmic pools were extracted, hydrolyzed and analyzed by LC/MSMS. 

All detailed protocols of sample handling (extraction, purification and hydrolysis) and 

LC/MSMS analysis have been previously published and validated in [22].  

Extraction of cytoplasmic pool, RNA and DNA: 

Briefly, cells were washed twice with Hank’s Balanced Salt solution (HBSS) prior to 

extraction procedure. DNA and RNA were extracted and purified from cultured cells using 

respectively DNeasy and RNeasy kits and cytoplasmic pools using RIPA buffer and ACN 

precipitation (protein elimination). 

 

Enzymatic hydrolysis or dephosphorylation and nucleoside analysis by LC/MSMS: 

Enzymatic hydrolysis was performed for extracted DNA and RNA and dephosphorylation for 

free nucleotides from cytoplasm, as described in [22].  

Briefly, DNA and RNA were digested into nucleosides in the presence of internal standards 

(Labeled dGua (15N5) and 5-fluorocytidine) using nuclease P1, PDE II, PDE I, alkaline 

phosphatase and appropriated buffers. Free nucleotides from cytoplasmic pool were 

dephosphorylated using alkaline phosphatase and appropriated buffers. 
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Thereafter, all samples were dried by vacuum centrifuge, dissolved in 50 µL aqueous mobile 

phase and 10 µL were injected into LC/MSMS (in dynamic MRM positive mode). Briefly, the 

analyses were performed using a LC/MS system from Agilent Technologies (Santa Clara, 

CA, USA): an Agilent 1290 Infinity Binary – UHPLC system fitted to a mass spectrometer 

Agilent Jet Stream electrospray ionization source (AJS) - Triple Quadrupole (QqQ) 6490 

series. Nucleoside separation were performed at 4°C on Poroshell 120, EC-C18, 2.1 x 100 

mm, 2.7 µm column, preceded by a Poroshell 120, EC-C18, 2.1 x 5 mm, 2.7 µm guard 

column, using an ammonium acetate 10 mM in water pH 5/methanol gradient. All these LC 

and MS parameters were detailed and validated in a previous article [22]. 

Plasma analysis 

Two ml of blood were collected and centrifuged 10 min at 3000 g 4°C. Plasma is stored at -80 

°C until analysis to avoid any further nucleotide modifications. Plasma (200 µL) from 18 

healthy donors (aged 37 years old +/-10; 10 men, 8 women, non-smoker) and 19 elderly 

dialyzed patients before dialysis session (aged 77 years old +/- 12; 12 men, 7 women; 5 

smokers) were purified by protein precipitation, which was performed by adding ACN (1800 

µL) and centrifuged for 40 minutes at 11960 × g. Supernatant (1800 µL) was collected and 

evaporated by vacuum centrifuge, prior to be dephosphorylated and analyzed by LC/MSMS, 

as described and validated in [22]. 

Cellular penetration and incorporation of modified nucleosides 

Briefly, prostatic and endothelial cells were grown in presence or absence of modified 

nucleosides before that cytoplasmic pool, RNA and DNA were extracted to be analyzed to 

determine cellular penetration and RNA or DNA incorporation.  
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Experimentations were carried out with endothelial EA.hy926 and epithelial prostatic cells 

PrEC in quadruplicate and were incubated in wells with the normal medium (DMEM or 

PrEGM, respectively) until 20 and 50 % of confluence. Thereafter, control cells were 

incubated in the presence of normal medium whereas treated cells were incubated in the 

presence of modified appropriated medium (supplemented with 500 nM standard solutions of 

Cl(d)Cyt, Cl(d)Gua and oxo(d)G). Consequently, utilization of modified medium for treated 

cells was applied from 20 or 50 % of confluence to 100 %. Given that growth speed depends 

on cellular types, medium was changed each day for endothelial cells and each three days for 

prostatic cells. When cells were at 100 % of confluence (~ 1.106 cells), they were washed 

thanks to HBSS and DNA, RNA and free nucleotides from cytoplasm were extracted, 

purified, hydrolyzed and injected in LC/MSMS, as described previously. Free nucleosides 

from cytoplasm were used to estimate penetration into cells whereas DNA and RNA were 

used to estimate incorporation into DNA or RNA.  

In vitro transcription and translation  

Briefly, nucleotides were partially chlorinated and used to perform plasmid transcription and 

mRNA translation. Transcription and translation yields were estimated by quantification of 

mRNA and proteins, respectively, and RNA composition was also determined by LC/MSMS.  

Nucleotide chlorination:  

Nucleotides triphosphate (NTP) mix from transcription kit (15 mM of each NTP) were 

chlorinated using HOCl (47 mM) in triplicate for 1h at 37 °C. HOCl concentration was 

estimated by spectrophotometry at 292 nm and calculated using 363.5 M-1cm-1 as the molar 

extinction coefficient. Controls were performed using Milli-Q water instead of HOCl. To 

neutralize the remaining HOCl, an excess of methionine (12.5 mM in this case) was added for 
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1h at 37 °C. This quantity of methionine was estimated by measurement of potential 

remaining HOCl by the taurine assay, as previously described by Van Antwerpen et al. [24]. 

Proportions of NTP and chloronucleotides triphosphate (ClNTP) were estimated using NTP 

calibration curves and an LC/MS system from Agilent Technologies (Santa Clara, CA, USA): 

an Agilent 1290 Infinity Binary - UHPLC system fitted to a mass spectrometer Agilent 6520 

series electrospray ion source (ESI) – quadrupole Time-Of-Flight (QTOF). Nucleotides were 

separated using an X Bridge® BEH Amide column (Waters, 2.1 x 150 mm, 2.5 µm particle 

size) at 5 °C and a gradient of ACN/Ammonium bicarbonate 50 mM pH 6.0, as detailed in 

supplementary data (Table S1). This analysis was performed in positive mode in MS scan 

(100 – 950 m/z). Source parameters were: positive ion mode (ESI +); gas temperature of 300 

°C; gas flow of 10 L/min; nebulizer pressure of 50 psig; capillary voltage of 4500 V and 

fragmentor 150 V. 

Transcription, RNA quantification and RNA analysis: 

Plasmid pcDNA3.1-apoL1-V5-His6 (50 ng/µL) was transcribed in three independent 

experiments in the presence of normal NTP or ClNTP (7.5 mM), thanks to T7 enzyme mix 

and transcription buffer, following the manufacturer protocol (from mMessage mMachine® 

T7 kit). The transcription was operated at 37 °C for 2h. Thereafter, RNAs were purified by: 

(i) DNA digestion by adding DNAse (95 mU/µL) and incubation at 37 °C for 15 min, (ii) 

Stopping the reaction by adding ammonium acetate (0.5 M), (iii) Protein elimination by 

adding phenol/ chloroform 1:1 (v:v), mixing, centrifugation at 12000 × g for 10 min and 

supernatant harvesting (iv) Phenol elimination by adding chloroform/isoamyl alcohol (Ready 

red), mixing and centrifugation, (v) Single nucleotides elimination and RNA precipitation by 

adding isopropanol (2:1) to supernatant overnight at -20 °C and centrifugation at 12000 × g at 

4°C for 10 min, (vi) precipitate, containing RNA, was washed with ethanol 75 % and 
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centrifuged and (vii) precipitate was dried and redissolved in 10 µL of water. After 

purification, the produced RNA was quantified by UV measurement using Nanodrop®. The 

incorporation of ClNTP in mRNA was measured after enzymatic hydrolysis [25] before being 

analyzed by LC/MSMS as previously described [22]. Another part of these purified RNAs 

was translated, as detailed in the following paragraph. 

Translation and protein quantification: 

Transcribed RNA produced in the presence of normal NTP or ClNTP (20 ng/µL) as described 

in the previous paragraph were translated in rabbit reticulocyte lysates in the presence of 

radiolabeled methionine 35S-Met (142 µM), other amino acids (23 µM) and RNasine (0.92 

U/µL). The translation was operated in three independent experiments at 30 °C for 1h. RNase 

(20 ng/µL) was added and incubation was proceeded for 15 min at 37 °C. Thereafter, the 

translation efficiency was quantified by measuring the amounts of synthesized radiolabeled 

protein, after purification on SDS-polyacrylamide gel. Each solution containing translated 

protein was diluted in Laemmli buffer (1/10) and purified on 4-15 % SDS-polyacrylamide 

gel. Gel was washed with 100 mL of TCA 10%/CH3COOH 10%/CH3OH 30% for 30 min, 

with 100 mL of water for 30 min and with 100 mL of sodium salicylate 1 M for 30 min. 

Finally, gel was dried on Whatman paper for 1h30 at 80 °C and placed on radiographic film 

for 2h. The band intensities were measured by optic density after scan and compared. 

DNA polymerase activity 

Deoxynucleotide chlorination:  

Solution of dNTP mix (10 mM of each dNTP) were chlorinated using HOCl (27 mM) in 

quadruplicate for 1h at 37 °C. Controls were performed using Milli-Q water instead of HOCl. 

Quantification of remaining HOCl was estimated by the taurine assay, as described above, 
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and methionine was added in adequate quantity to neutralize remaining HOCl (4.3 mM) and 

incubated for 1h at 37 °C. Proportions of dNTP and chloro-deoxynucleotides triphosphate 

(CldNTP) were estimated using an LC/MS system (QTOF) and dNTP calibration curves, as 

described above. 

DNA polymerase activity: qPCR:  

In four independent experiments, plasmid pcDNA3.1-apoL6-66-255 (0.25 ng/µL) was mixed 

with Primer 66F (5’ACGTACCATATGGACGAAAGCCACCAA3’) (5 µM), Primer 255R 

(5’GTACGTCTCGAGACTTCCAGTCCTCCCAGA3’) (5 µM), dNTP or chlorinated dNTP 

(0.2 mM), an intercalating fluorescent dye SYBR Green (30 µM), Phusion DNA polymerase 

(20 mU/µL), and Phusion GC buffer 5x. Then qPCR was performed on CFX96 Touch™ 

Real-Time qPCR Detection System (from Bio-rad Laboratories, Temse, Belgium) and 42 

cycles were performed as follows: (i) initialization step at 98 °C for 30 sec, (ii) 42 successive 

cycles including denaturation step at 98 °C for 10 sec, hybridization step at 56 °C for 20 sec, 

elongation step at 72 °C for 30 sec, and (iii) ending phase of final elongation at 72 °C for 10 

min.   

DNA samples were purified by precipitation using ammonium acetate (2.5 M) and 3 volumes 

of ethanol 100 % was added (overnight at -20°C), prior to centrifugation 10 min at 13 500 × 

g. Then supernatants were removed, precipitates were washed with ethanol 75 % (500 µL), 

centrifuged, dried and redissolved in hydrolysis buffer. Purified samples were hydrolyzed and 

analyzed by LC/MSMS, as previously described [22].  

Ribonucleotide reductase activity  

Cytoplasmic fraction extraction and purification: 
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Given that ribonucleotide reductase is a cytoplasmic enzyme, EA.hy926 endothelial cells (± 

10.106 cells) were washed twice with HBSS and cytoplasm was extracted after cell lysis using 

RIPA buffer (0.5 mL/1.106 cells) and protease inhibitor (50 µL/1.106 cells). Lysates were 

collected and centrifuged for 10 minutes at 200 × g at 4 °C. Then supernatant (4 mL) was 

retrieved and ultrafiltrated using a 5 kDa filter and sodium phosphate buffer 0.025 M pH 7.0 

(10 volumes), prior to be lyophilized. Enzymatic fraction was redissolved in 1 mL of water. 

CDP/CTP chlorination: 

Solution of 150 µM of cytidine diphosphate (CDP) and cytidine triphosphate (CTP) were 

prepared and chlorinated using HOCl (150 µM) for 1h at 37°C. Controls were performed 

using Milli-Q water instead of HOCl. The taurine assay was performed to estimate the excess 

amount of HOCl, as described above. Proportions of chloro-cytidine diphosphate (ClCDP) 

and chloro-cytidine triphosphate (ClCTP) were estimated using an LC/MS (QTOF), as 

described above.  

CDP/CTP reductase activity: 

The CDP/CTP reductase activity was adapted from [26,27] and was assayed using CDP, 

ClCDP, CTP, ClCTP, CDP/CTP mix or ClCDP/ClCTP mix (3 µM), DTT (6 mM), ATP (2 

mM), magnesium acetate (4 mM) and enzymatic fraction. DTT and ATP were dissolved in 

sodium phosphate buffer (0.1 mM, pH 7.0), enzymatic fraction was diluted 100 times and the 

reaction is operated in the same buffer. Several blanks were performed: (i) one blank in which 

reagents (CDP or CTP or chlorinated derivatives) were replaced by sodium phosphate buffer 

and (ii) 6 blanks (one per each condition) in which enzymatic fraction was replaced by 

sodium phosphate buffer. Thereafter all samples were incubated at 37 °C for 0 (T0), 24 (T24) 

or 48 hours (T48). All experimental conditions were performed in quadruplicate.  
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Results 

Chlorination of endothelial cells by HOCl or by MPO/H2O2/Cl- (MPO system) 

In these experiments, EA.hy926 endothelial cells cultured in culture medium DMEM (with 

serum 10%) were used as a cellular model. Results of these experiments showed no effect of 

HOCl on nucleic acids of endothelial cells, in DNA or RNA as well as in cytoplasmic pools. 

Moreover, no chlorinated nucleoside was detected in DNA or RNA in the presence of the 

MPO/H2O2/Cl- system. 

Plasma analysis 

Give these latter results, we focused on plasma analyses from volunteers and hemodialyzed 

patients in the view to estimate the chlorinated nucleosides homeostasis.  

Analysis of plasma from volunteers and elderly patients encountering hemodialysis showed a 

significant increase for the levels of Cyt (2.9 fold), ClCyt (5.8 fold) and oxoG (2.71 fold) in 

patient plasmas than in volunteer plasmas (Table 1). These nucleosides seem to accumulate 

into plasma of hemodialyzed patients while levels of guanosine did not show any difference 

between both groups. Nevertheless, ratios of modified/unmodified nucleosides (%) showed an 

increase of oxoG/Gua and ClCyt/Cyt ratios in patient plasmas but this increase is only 

significant for oxoG/Gua ratio. Accumulation of Cyt into plasmas of hemodialyzed patients 

could explain the ClCyt ratios at the limit of the signification (p = 0.06).  

Cellular penetration and incorporation of modified nucleosides  

As chlorinated nucleosides (ClCyt) are present in plasma, we wondered whether circulating 

nucleosides were able to penetrate into cells and incorporate into DNA and RNA. In order to 
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address this question, we used two cellular models (immortalized endothelial cells and 

primary prostatic cells). 

First, after incubation with the two cell types with modified medium (medium supplemented 

with standard solutions of modified nucleosides), cytoplasmic pool analyses of (Cl/Ox)NTPs 

showed a penetration of all chlorinated and oxidized nucleosides, for all experimental 

conditions (Fig. 1 and Fig. S1). Overall ratios of penetrated chloronucleosides were between 

0.008 and 0.8 % for endothelial cells and between 1.0 and 93 % for prostatic cells. Therefore, 

penetration of chloronucleotides was 40 to 227 times higher for epithelial prostatic cells 

(primo-culture) than for endothelial cells (immortalized cells). Indeed, as shown in Fig. 1a, 

ratios of CldG, ClCyt, ClG and CldCyt were respectively 40, 120, 125 and 227 times higher 

in prostatic cells.  

Concerning the incorporation, DNA analyses showed no incorporation of CldCyt while ClCyt 

is detected in mRNA with ratios between 0.013 % (130 ppm) and 0.12 % (1179 ppm), 

depending on the kind of cells (see Table 2). The ClCyt incorporation was 1.7 times higher 

for epithelial prostatic cells in comparison with endothelial cells (see Table 2). Given that 

primo-cultures grow more slowly than immortalized cells, exposition to modified medium 

was longer for prostatic cells, involving a higher accumulation of ClCyt in cytoplasm and 

mRNA. Nevertheless, if modified medium was not changed the day before cellular lysis, no 

chlorinated mRNA and no accumulation in cytoplasm were observed, except for Cl(d)Gua 

(see results for prostatic cells 50%  100%, Fig. 1b). mRNA instability could explain these 

results. Indeed, RNA is continually renewed and it allows us to hypothesize that all 

accumulated ClCyt into cytoplasmic pool (thanks to penetration phenomenon) were 

incorporated into RNA, before that the chlorinated RNA was eliminated and renewed. 

Moreover, ClCyt could be deaminated into chlorouracil, leading to a ClCyt misdetection. It 
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remains unclear whether deamination occurs on the nucleic acid, in biologic fluids or during 

the sample treatment [28,29]. As we were unable to detect them in nucleic acid during 

preliminary study, this deamination process cannot be discarded. 

Finally, it is noteworthy that oxoG and oxodG are present into RNA and DNA for both 

control cells and treated cells (see Fig. S2 in Supplementary data). Given that no significant 

difference exists, it could be explained by an oxidative stress sustained by cells during 

incubation or by an oxidation process during the sample handling.  

In vitro transcription and translation  

The penetration and specific incorporation of ClCyt into RNA prompted us to test the impact 

of their presence on transcription and translation yields. 

Nucleotide chlorination: 

Quantification of chlorinated NTP in mixes by LC/MS showed a ratio of 3.4, 1.7 and 2.6 % of 

ClCTP and 4.9, 2.7 and 3.8 % of ClGTP for batch 1, 2 and 3, respectively, ratios being 

calculated as follows (example of ClCTP): AUC ClCTP from ClNTP/AUC (CTP+ ClCTP) from ClNTP * 

100. GTP was easily chlorinated compared to CTP (1.49 fold).  

Transcription, RNA quantification and RNA analysis: 

Plasmid transcription in the presence of synthetized ClNTP showed a significant decrease of 

RNA production in comparison with controls (1.7 fold), as shown in Fig. 2. Moreover, the 

analysis of these produced RNAs by LC/MSMS showed a significant incorporation of 

modified nucleotides compared to control. Although proportions of ClGTP were higher than 

ClCTP in the nucleotide mix (4 ± 1% vs 2.6 ± 0.9 %), ratios of ClCyt were significantly 

higher than ratios of ClGua into RNA in the presence of ClNTP (Fig. 3). These results show a 
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preferential incorporation of ClCyt in comparison with ClGua. Moreover, ratios of ClCyt in 

RNA (5.7 ± 0.9 % of ClCyt/Cyt) are 2.1 times higher than ratios of ClCTP in ClNTP mix (2.7 

± 0.9 % of ClCTP/CTP), which shows that ClCTP is preferred to CTP during the 

transcription.  

These results showed that the presence of ClNTP during the transcription lead to a decrease of 

transcription yield and to a preferential incorporation of ClCTP compared to CTP or ClGTP. It 

also confirms the results observed on the cellular models where a specific incorporation of 

ClCyt into RNA was already observed.  

Translation and protein quantification:  

RNA translation highlighted an important decrease of protein production when RNAs are 

modified in the presence of ClNTP (3.8 fold in comparison with control RNA), as shown in 

Fig. 4. These results showed that the presence of ClNTP has a bigger impact on translation 

than transcription yield. 

DNA polymerase activity 

Quantification of chlorinated NTP in mixes by LC/MS showed a ratio of 17.2, 19.5, 31.1 and 

15.0 % of CldCTP and 8.3, 8.8, 9.6 and 7.9 % of CldGTP for batch 1, 2, 3 and 4, respectively. 

As DNA seems not to be affected by HOCl treatment and in the presence of chloronucleotides 

in the cultured medium, it was interesting to analyze the activity of DNA polymerase in the 

presence of CldNTP.  

In the presence of the CldNTP, the replication yield was significantly lower than controls: 

13.6 ± 0.3 vs 12.8 ± 0.2 cycles to reach the threshold level of DNA (Ct, Fig. 5). Analysis of 

produced DNA showed an incorporation of CldCTP and other modified nucleotides (Fig. 6, 
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p<0.01, Welsh’s t-test) during the DNA amplification, indicating that DNA polymerase is 

able to take over the chlorinated nucleotides, but its timeliness seemed to be reduced. 

Moreover, the incorporation of CldCyt and oxodGua are significantly higher compare to 

CldGua. These results are not consistent with the absence of incorporation into DNA 

observed with the incubation of ClCyt in the cellular models.  

Considering that the phosphorylation of nucleosides and the reduction of nucleotides are 

potentially limiting steps in the incorporation of nucleosides into DNA and demonstrating that 

the incubation of cells with ClCyt leads to an incorporation into RNA (including a 

phosphorylation step), we hypothesized that the limiting reaction would be the reduction of 

the chloronucleotide into chlorodeoxynucleotide before their incorporation into DNA. For this 

reason, we tested the ribonucleotide reductase activity. 

Ribonucleotide reductase activity  

The function of the ribonuclease reductase is to reduce the nucleoside di- or triphosphate 

(NTP or NDP) in their corresponding deoxy-NTP or NDP (dNTP or dNDP) in cytoplasm, 

prior to be used for DNA replication into nucleus. 

Quantification of chlorinated CDP and CTP by LC/MS showed a ratio of 80 and 93 % of 

ClCDP and ClCTP, respectively. Ratios were calculated as follows: AUC ClCDP/AUC (ClCDP + 

CDP) * 100 and AUC ClCTP/AUC (ClCTP + CTP) * 100, respectively.  

Although reductase activity was proved in samples for Cyt and illustrated by an increase of 

dCyt quantity with incubation time (see Fig. 7a), results showed no clear reductase activity 

for ClCyt in the presence of the enzyme (see Fig. 7b). Indeed, a peak of CldCyt was detected 

in each sample (even in all controls) but ClCyt could not be reduced in CldCyt by 

ribonucleotide reductase.  
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Discussion 

Chlorination of endothelial cells by HOCl or by MPO/H2O2/Cl- (MPO system) 

Although many authors highlighted chlorination of isolated DNA or RNA by HOCl, MPO 

system or chloramines [16,14,15,30], only few experimentations have been carried out on 

various cells. Indeed Badouard’s [31], Stanley’s [15] and our previous study [22] showed 

chlorination of (d)Cyt by HOCl or N-acetyl-lysine chloramines (in leukemic cells, aortic 

smooth muscles cells and endothelial cells, respectively) in the presence of HBSS or PBS, 

unlike results obtained in this present study (in the presence of DMEM with 10 % of serum). 

Results were totally different depending on the used medium (DMEM or HBSS); DMEM and 

its additives (in particular serum 10%) seem to block chlorination of cytoplasmic pool, DNA 

and RNA, contrary to (less physiologic) HBSS medium.  

For Hawkins et al., in a cellular system, HOCl-induced damage to genetic material may be 

mediated by reaction of pre-formed protein chloramines rather than, or in addition to direct 

reaction with HOCl [32,33]. Given that protein abundance and their high rate constant for 

reaction with oxidative products, HOCl reacts faster with proteins, as plasma/cytoplasmic 

proteins and histones (via non-covalent ionic interactions with Lys and Arg residues), than 

with DNA in nucleosome [15,34-36]. It could explain why DNA, RNA and cytoplasmic pool 

were not reached by HOCl in a “complex” medium such as DMEM which contains serum 

proteins. 

Plasma analysis 

Since in vivo studies showed chlorination of guanosines (in human urine from diabetic 

patients and liver), uracils (in inflammatory fluids and atherosclerotic lesions) and cytidines 

(in plasma from volunteers) [37-39,22,10] and since chlorinated nucleosides do not come 
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from punctual action of HOCl or MPO system on cells (in complete culture medium), we 

analyzed plasma, which is in direct contact with those cells. Concerning levels of ClCyt found 

in plasma from volunteers, results obtained in this study converged to our previous results: a 

median range of 0.82 – 1.88 nM against an average of 1.0 ± 0.2 nM [22]. Moreover, the level 

of ClCyt is significantly higher in elderly patients with cardiovascular risk and submitted to 

repeated oxidative stress during the hemodialysis session. Unfortunately, there is a lack of 

data to compare those concentrations in plasma with literature. 

 

Effect of chloronucleotides on transcription, translation and replication  

Although all chlorinated (deoxy)nucleosides were able to penetrate into cells from 

extracellular fluids, penetrated proportions were variables for each nucleoside, according to 

cellular type and incubation time. Indeed, prostatic primo cultures are more sensitive to 

chloronucleoside penetration than endothelial immortalized cultures. In this context, only 

ClCyt is incorporated into RNA, regardless of cellular type, while DNA does not seem to be 

affected by the presence of chlorinated (deoxy)nucleosides into culture medium, even if these 

nucleosides are able to penetrate into cells. This specific incorporation of ClCyt into RNA is 

relevant as it is the only chloronucleoside found in human plasma while no 

chlorodesoxynucleosides were detected [22]. This specific incorporation is accompanied by 

an important reduction of translation yield. Some questions remain about the long-term 

impact of such incorporation into RNA and such decrease of protein production on the cell 

viability and function. 

This specific incorporation of ClCyt proved that the essential phosphorylation step 

(chloronucleosides  chloronucleotides) before to be incorporated into RNA remains 

effective despite the modification. Steps of ribonucleotide reduction and of DNA 
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polymerization were also essential in the nucleoside incorporation process. Although DNA 

polymerase was able to use chlorinated nucleotides as substrates, it processed more slowly 

than in control conditions. Moreover, ribonucleotide reductase could not reduce chlorinated 

nucleotides into chlorinated deoxynucleotides before to enter into nucleus for the replication 

process. This limiting reaction could explain why ClCyt is specifically incorporated into RNA 

but not into DNA. However, it is probably not the only limiting factor for DNA incorporation; 

thus, the low CldCyt / dCyt ratio could also prevent incorporation, as well as inefficient 

processing by the polymerase in the presence of chlorinated nucleosides/nucleotides. Another 

limiting factor may be some cellular mechanisms which prevent that 5-substituted cytosine 

residues are metabolized to triphosphates prior to be used by DNA polymerase, reducing their 

DNA incorporation [40-42]. 

Valinluck and Sowers have shown in few in vitro studies that 5-halogenated cytosines were 

recognized by cells as 5-methyl cytosine residues and can thus mimic endogenous 

methylation of DNA; causing an inappropriate de novo methylation with gene silencing [40]. 

Moreover, these chlorinated residues increase probability of mispairing with adenines and 

thus miscoding as a thymidine (C → T mutation) [43]. Sassa et al. highlighted that 8-

halogenated guanosines are miscoded by one of three DNA polymerases, potentially causing 

mutations [44]. For this reason, these halogenated damage could lead to the heritable changes 

in gene expression (methylation patterns or mutations) as observed in human cancer (as 

prostate tumors) [45], these damage could represent an important link between the 

inflammation and cancer development. For this reason, it is positive that no chlorinated 

damage -caused by the presence of HOCl, MPO system or chloronucleosides in extracellular 

medium- was detected in DNA, especially as DNA repair glycosylases present no activity 

against CldCyt [46,47] and CldGua [44]. 
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It is noteworthy that the concentrations of ClCyt used in the in vitro experiments are higher 

than those found in plasma of patients (500 nM vs 6 nM). As ClCyt is probably produced 

during a local inflammation process where MPO is produced and active, it could be 

interesting to measure the local concentration of ClCyt in tissue subjected to inflammation 

and compared this value to plasma concentration that constitutes a dilution compartment. 

In conclusion, our approach showed that RNA synthesis and translation could be influenced 

by the presence of ClCyt in the extracellular fluids, together decreasing protein production, 

while DNA seems protected. Although DNA damage was not observed, cellular RNA or 

protein damage could lead to altered functions of important enzymes and proteins in reached 

tissues, thus contributing to the multifactorial carcinogenesis process [11]. 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

23 

 

References 

1. Kundu JK, Surh YJ (2012) Emerging avenues linking inflammation and cancer. Free Radic 

Biol Med 52 (9):2013-2037. doi:10.1016/j.freeradbiomed.2012.02.035 

2. Klebanoff SJ (2005) Myeloperoxidase: friend and foe. J Leukoc Biol 77 (5):598-625. 

doi:10.1189/jlb.1204697 

3. Kundu JK, Surh YJ (2008) Inflammation: gearing the journey to cancer. Mutat Res 659 (1-

2):15-30. doi:10.1016/j.mrrev.2008.03.002 

4. Freitas M, Baldeiras I, Proenca T, Alves V, Mota-Pinto A, Sarmento-Ribeiro A (2012) 

Oxidative stress adaptation in aggressive prostate cancer may be counteracted by the 

reduction of glutathione reductase. FEBS open bio 2:119-128. doi:10.1016/j.fob.2012.05.001 

5. Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB (2010) Oxidative stress, inflammation, 

and cancer: how are they linked? Free Radic Biol Med 49 (11):1603-1616. 

doi:10.1016/j.freeradbiomed.2010.09.006 

6. Klebanoff SJ (1999) Myeloperoxidase. Proceedings of the Association of American 

Physicians 111 (5):383-389 

7. Kettle AJ, Winterbourn CC (1997) Myeloperoxidase : a key regulator of neutrophil oxidant 

production. Redox Rep 3:3-15 

8. Parker H, Albrett AM, Kettle AJ, Winterbourn CC (2012) Myeloperoxidase associated with 

neutrophil extracellular traps is active and mediates bacterial killing in the presence of 

hydrogen peroxide. J Leukoc Biol 91 (3):369-376. doi:10.1189/jlb.0711387 

9. Parker H, Winterbourn CC (2012) Reactive oxidants and myeloperoxidase and their 

involvement in neutrophil extracellular traps. Frontiers in immunology 3:424. 

doi:10.3389/fimmu.2012.00424 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

24 

 

10. Kato Y (2016) Neutrophil myeloperoxidase and its substrates: formation of specific 

markers and reactive compounds during inflammation. J Clin Biochem Nutr 58 (2):99-104. 

doi:10.3164/jcbn.15-104 

11. Ohshima H, Tazawa H, Sylla BS, Sawa T (2005) Prevention of human cancer by 

modulation of chronic inflammatory processes. Mutat Res 591 (1-2):110-122. 

doi:10.1016/j.mrfmmm.2005.03.030 

12. Gaut JP, Yeh GC, Tran HD, Byun J, Henderson JP, Richter GM, Brennan ML, Lusis AJ, 

Belaaouaj A, Hotchkiss RS, Heinecke JW (2001) Neutrophils employ the myeloperoxidase 

system to generate antimicrobial brominating and chlorinating oxidants during sepsis. Proc 

Natl Acad Sci U S A 98 (21):11961-11966. doi:10.1073/pnas.211190298 

13. Chapman AL, Senthilmohan R, Winterbourn CC, Kettle AJ (2000) Comparison of mono- 

and dichlorinated tyrosines with carbonyls for detection of hypochlorous acid modified 

proteins. Arch Biochem Biophys 377 (1):95-100. doi:10.1006/abbi.2000.1744 

14. Henderson JP, Byun J, Heinecke JW (1999) Molecular chlorine generated by the 

myeloperoxidase-hydrogen peroxide-chloride system of phagocytes produces 5-

chlorocytosine in bacterial RNA. J Biol Chem 274 (47):33440-33448 

15. Stanley NR, Pattison DI, Hawkins CL (2010) Ability of hypochlorous acid and N-

chloramines to chlorinate DNA and its constituents. Chem Res Toxicol 23 (7):1293-1302. 

doi:10.1021/tx100188b 

16. Masuda M, Suzuki T, Friesen MD, Ravanat JL, Cadet J, Pignatelli B, Nishino H, Ohshima 

H (2001) Chlorination of guanosine and other nucleosides by hypochlorous acid and 

myeloperoxidase of activated human neutrophils. Catalysis by nicotine and trimethylamine. J 

Biol Chem 276 (44):40486-40496. doi:10.1074/jbc.M102700200 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

25 

 

17. Gungor N, Godschalk RW, Pachen DM, Van Schooten FJ, Knaapen AM (2007) Activated 

neutrophils inhibit nucleotide excision repair in human pulmonary epithelial cells: role of 

myeloperoxidase. FASEB J 21 (10):2359-2367. doi:10.1096/fj.07-8163com 

18. Gungor N, Haegens A, Knaapen AM, Godschalk RW, Chiu RK, Wouters EF, van 

Schooten FJ (2010) Lung inflammation is associated with reduced pulmonary nucleotide 

excision repair in vivo. Mutagenesis 25 (1):77-82. doi:10.1093/mutage/gep049 

19. Castillo-Tong DC, Pils D, Heinze G, Braicu I, Sehouli J, Reinthaller A, Schuster E, Wolf 

A, Watrowski R, Maki RA, Zeillinger R, Reynolds WF (2014) Association of 

myeloperoxidase with ovarian cancer. Tumour biology : the journal of the International 

Society for Oncodevelopmental Biology and Medicine 35 (1):141-148. doi:10.1007/s13277-

013-1017-3 

20. Roumeguere T, Delree P, Van Antwerpen P, Rorive S, Vanhamme L, de Ryhove Lde L, 

Serteyn D, Wespes E, Vanhaerverbeek M, Boudjeltia KZ (2012) Intriguing location of 

myeloperoxidase in the prostate: a preliminary immunohistochemical study. Prostate 72 

(5):507-513. doi:10.1002/pros.21452 

21. Khalili M, Mutton LN, Gurel B, Hicks JL, De Marzo AM, Bieberich CJ (2010) Loss of 

Nkx3.1 expression in bacterial prostatitis: a potential link between inflammation and 

neoplasia. Am J Pathol 176 (5):2259-2268. doi:10.2353/ajpath.2010.080747 

22. Noyon C, Delporte C, Dufour D, Cortese M, Rousseau A, Poelvoorde P, Nève J, 

Vanhamme L, Zouaoui Boudjeltia K, Roumeguère T, Van Antwerpen P (2016) Validation of 

a sensitive LC/MSMS method for chloronucleoside analysis in biological matrixes and its 

applications. Talanta 154:322-328. doi:10.1016/j.talanta.2016.03.087 

23. Moguilevsky N, Garcia-Quintana L, Jacquet A, Tournay C, Fabry L, Pierard L, Bollen A 

(1991) Structural and biological properties of human recombinant myeloperoxidase produced 

by Chinese hamster ovary cell lines. Eur J Biochem 197 (3):605-614 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

26 

 

24. Van Antwerpen P, Moreau P, Zouaoui Boudjeltia K, Babar S, Dufrasne F, Moguilevsky 

N, Vanhaeverbeek M, Ducobu J, Neve J (2008) Development and validation of a screening 

procedure for the assessment of inhibition using a recombinant enzyme. Talanta 75 (2):503-

510. doi:10.1016/j.talanta.2007.11.040 

25. Ravanat JL, Douki T, Duez P, Gremaud E, Herbert K, Hofer T, Lasserre L, Saint-Pierre C, 

Favier A, Cadet J (2002) Cellular background level of 8-oxo-7,8-dihydro-2'-deoxyguanosine: 

an isotope based method to evaluate artefactual oxidation of DNA during its extraction and 

subsequent work-up. Carcinogenesis 23 (11):1911-1918 

26. Cory JG, Mansell MM (1975) Comparison of the cytidine 5'-diphosphate and adenosine 

5'-diphosphate reductase activities of mammalian ribonucleotide reductase. Cancer Res 35 

(9):2327-2331 

27. Cory JG, Mansell MM (1975) Studies on Mammalian Ribonucleotide Reductase 

Inhibition by Pyridoxal Phosphate and the Dialdehyde Derivatives of Adenosine, Adenosine 

5'-Monophosphate, and Adenosine 5'-Triphosphate. Cancer Res 35:390-396 

28. Whiteman M, Spencer JP, Jenner A, Halliwell B (1999) Hypochlorous acid-induced DNA 

base modification: potentiation by nitrite: biomarkers of DNA damage by reactive oxygen 

species. Biochem Biophys Res Commun 257 (2):572-576. doi:10.1006/bbrc.1999.0448 

29. Whiteman M, Jenner A, Halliwell B (1997) Hypochlorous acid-induced base 

modifications in isolated calf thymus DNA. Chem Res Toxicol 10 (11):1240-1246. 

doi:10.1021/tx970086i 

30. Whiteman M, Jenner A, Halliwell B (1999) 8-Chloroadenine: a novel product formed 

from hypochlorous acid-induced damage to calf thymus DNA. Biomarkers 4 (4):303-310. 

doi:10.1080/135475099230831 

31. Badouard C, Masuda M, Nishino H, Cadet J, Favier A, Ravanat JL (2005) Detection of 

chlorinated DNA and RNA nucleosides by HPLC coupled to tandem mass spectrometry as 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

27 

 

potential biomarkers of inflammation. J Chromatogr B Analyt Technol Biomed Life Sci 827 

(1):26-31. doi:10.1016/j.jchromb.2005.03.025 

32. Hawkins CL, Pattison DI, Davies MJ (2002) Reaction of protein chloramines with DNA 

and nucleosides: evidence for the formation of radicals, protein-DNA cross-links and DNA 

fragmentation. Biochem J 365 (Pt 3):605-615. doi:10.1042/BJ20020363 

33. Hawkins CL, Davies MJ (2002) Hypochlorite-induced damage to DNA, RNA, and 

polynucleotides: formation of chloramines and nitrogen-centered radicals. Chem Res Toxicol 

15 (1):83-92 

34. Pattison DI, Davies MJ (2001) Absolute rate constants for the reaction of hypochlorous 

acid with protein side chains and peptide bonds. Chem Res Toxicol 14 (10):1453-1464 

35. Nightingale ZD, Lancha AH, Jr., Handelman SK, Dolnikowski GG, Busse SC, Dratz EA, 

Blumberg JB, Handelman GJ (2000) Relative reactivity of lysine and other peptide-bound 

amino acids to oxidation by hypochlorite. Free Radic Biol Med 29 (5):425-433 

36. Pattison DI, Davies MJ, Hawkins CL (2012) Reactions and reactivity of myeloperoxidase-

derived oxidants: differential biological effects of hypochlorous and hypothiocyanous acids. 

Free Radic Res 46 (8):975-995. doi:10.3109/10715762.2012.667566 

37. Takeshita J, Byun J, Nhan TQ, Pritchard DK, Pennathur S, Schwartz SM, Chait A, 

Heinecke JW (2006) Myeloperoxidase generates 5-chlorouracil in human atherosclerotic 

tissue: a potential pathway for somatic mutagenesis by macrophages. J Biol Chem 281 

(6):3096-3104. doi:10.1074/jbc.M509236200 

38. Henderson JP, Byun J, Takeshita J, Heinecke JW (2003) Phagocytes produce 5-

chlorouracil and 5-bromouracil, two mutagenic products of myeloperoxidase, in human 

inflammatory tissue. J Biol Chem 278 (26):23522-23528. doi:10.1074/jbc.M303928200 

39. Asahi T, Kondo H, Masuda M, Nishino H, Aratani Y, Naito Y, Yoshikawa T, Hisaka S, 

Kato Y, Osawa T (2010) Chemical and immunochemical detection of 8-halogenated 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

28 

 

deoxyguanosines at early stage inflammation. J Biol Chem 285 (12):9282-9291. 

doi:10.1074/jbc.M109.054213 

40. Valinluck V, Sowers LC (2007) Inflammation-mediated cytosine damage: a mechanistic 

link between inflammation and the epigenetic alterations in human cancers. Cancer Res 67 

(12):5583-5586. doi:10.1158/0008-5472.CAN-07-0846 

41. Fox L, Dobersen MJ, Greer S (1983) Incorporation of 5-substituted analogs of 

deoxycytidine into DNA of herpes simplex virus-infected or - transformed cells without 

deamination to the thymidine analog. Antimicrob Agents Chemother 23 (3):465-476 

42. Vilpo JA, Vilpo LM (1991) Biochemical mechanisms by which reutilization of DNA 5-

methylcytosine is prevented in human cells. Mutat Res 256 (1):29-35 

43. Fedeles BI, Freudenthal BD, Yau E, Singh V, Chang SC, Li D, Delaney JC, Wilson SH, 

Essigmann JM (2015) Intrinsic mutagenic properties of 5-chlorocytosine: A mechanistic 

connection between chronic inflammation and cancer. Proc Natl Acad Sci U S A 112 

(33):E4571-4580. doi:10.1073/pnas.1507709112 

44. Sassa A, Kamoshita N, Matsuda T, Ishii Y, Kuraoka I, Nohmi T, Ohta T, Honma M, 

Yasui M (2013) Miscoding properties of 8-chloro-2'-deoxyguanosine, a hypochlorous acid-

induced DNA adduct, catalysed by human DNA polymerases. Mutagenesis 28 (1):81-88. 

doi:10.1093/mutage/ges056 

45. Lee WH, Morton RA, Epstein JI, Brooks JD, Campbell PA, Bova GS, Hsieh WS, Isaacs 

WB, Nelson WG (1994) Cytidine methylation of regulatory sequences near the pi-class 

glutathione S-transferase gene accompanies human prostatic carcinogenesis. Proc Natl Acad 

Sci U S A 91 (24):11733-11737 

46. Valinluck V, Liu P, Kang JI, Jr., Burdzy A, Sowers LC (2005) 5-halogenated pyrimidine 

lesions within a CpG sequence context mimic 5-methylcytosine by enhancing the binding of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

29 

 

the methyl-CpG-binding domain of methyl-CpG-binding protein 2 (MeCP2). Nucleic Acids 

Res 33 (9):3057-3064. doi:10.1093/nar/gki612 

47. Kang JI, Jr., Burdzy A, Liu P, Sowers LC (2004) Synthesis and characterization of 

oligonucleotides containing 5-chlorocytosine. Chem Res Toxicol 17 (9):1236-1244. 

doi:10.1021/tx0498962 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

30 

 

Tables  

Table 1. Comparisons of modified nucleoside levels in plasma between healthy donors and 

hemodialyzed patients.   

 
Volunteers Hemodialyzed patients p-value 

  Medians Range (25-75%) Medians Range (25-75%)   

Cyt (nM) 215 171-284 617 433-733 < 0.001 

ClCyt (nM) 1.12 0.82-1.88 6.5 2.6-10.5 < 0.001 

Gua (nM) 1.08 0.8-1.4 1.02 0.89-2.08 0.45 

oxoG (nM) 0 0-3.14 2.71 0.58-5.57 < 0.001 

      
ClCyt/Cyt (%) 0.17 0.108-0.458 0.41 0.2-0.62 0.06 

OxoG/Gua (%) 0 0-0.03 0.86 0.08-2.05 < 0.001 

Plasmas from healthy donors (volunteers) and hemodialyzed patients were purified and 

dephosporylated, prior to be analyzed by LC/MSMS. Concentrations (expressed in nM) of 

each compounds (Cyt, ClCyt, Gua and oxoG) were calculated using calibration curves and 

ratios of ClCyt and oxoG were calculated as follows: AUC modified nucleosides/AUC unmodified 

nucleosides * 100. Data comparisons between volunteers and patients were performed using non-

parametric Mann-Whitney test.  
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Table 2. Incorporation of ClCyt into RNA (n = 4).  

 Endothelial cells Prostatic cells 

Density cells 

Incubation time 

20 → 100% 

48 h 

50 → 100% 

24h 

20 → 100% 

18 days 

50 → 100% 

21 days 

Incubation time 

after the last 

medium renewal  

48 h 24 h 24 h 3 days 

ClCyt/Cyt in mRNA 
%  

 ppm 

%  

 ppm 

%  

 ppm 

%  

 ppm 

Controls N.D. N.D. N.D. N.D. 

Modified medium 0.070 ± 0.009* 

699 ± 86* 

0.013 ± 0.002* 

130 ± 21* 

0.12 ± 0.01* 

1179 ± 126* 
N.D. 

 

Endothelial cells and epithelial prostatic cells were incubated in the presence of normal 

medium (controls) whereas treated cells were incubated in the presence of modified medium 

(supplemented with 500 nM of standards of Cl(d)Cyt, Cl(d)Gua and oxo(d)G) at 20 % (20 → 

100%) or 50% (50 → 100%) of confluence until they reached 100 % of confluence. When 

cells were at 100 % of confluence, DNA and RNA were extracted, enzymatically hydrolyzed 

and injected into LC/MSMS. Analyses showed no DNA incorporation (data not shown) but 

an exclusive incorporation of ClCyt into RNA. Data were expressed in ratio of 

modified/unmodified nucleosides in % or in ppm. Data comparisons between control 

conditions and modified medium conditions were performed using non parametric Mann-

Whitney test. N.D.= Not detected. * Significant difference (p˂ 0.05). 
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Figure Legends 

Fig. 1. Cellular penetration of chlorinated nucleosides (n = 4). Endothelial cells (a and c) 

and epithelial prostatic cells (b and d) were incubated in the presence of normal medium 

(controls) whereas treated cells were incubated in the presence of modified medium 

(supplemented with 500 nM of standards of Cl(d)Cyt, Cl(d)Gua and oxo(d)G) at 20 % (a,b) 

or 50% (c,d) of confluence until they reached 100 % of confluence. When cells were at 100 % 

of confluence, free nucleosides from cytoplasm were extracted, dephosphorylated and 

analyzed by LC/MSMS. Analyses showed various penetration efficiencies of all 

chlorinated/oxidized nucleosides. Data comparisons between control conditions and modified 

medium conditions were performed using non parametric Mann-Whitney test. N.D.= Not 

detected. * Significant difference (p˂ 0.05).  

Fig. 2. Quantification of in vitro transcribed RNA in presence of NTP or ClNTP (n = 3). 

Plasmid pcDNA3.1-apoL1-V5-His6 was transcribed in presence of NTP (controls, light grey 

histograms) or chlorinated NTP (dark grey histograms) and the in vitro transcribed RNA was 

quantified using Nanodrop®. Results showed a decrease of transcription yield (1.7 fold) in 

presence of ClNTP in comparison with controls. Data comparisons between control condition 

and ClNTP condition were performed using t-test. *** Significant difference (p˂ 0.001). 

Fig. 3. Quantification of modified nucleosides in in vitro transcribed RNA in presence of 

NTP or ClNTP (n = 3). Plasmid pcDNA3.1-apoL1-V5-His6 was transcribed in presence of 

NTP (controls, light grey histograms-not visible) or chlorinated NTP (dark grey histograms). 

The in vitro transcribed RNA was purified, enzymatically hydrolyzed and analyzed by 

LC/MSMS. Results showed a high presence of ClCyt, ClGua and a lesser quantity of oxoG 

into RNA when it was transcribed in presence of ClNTP. Data comparisons between control 

condition and ClNTP condition were performed using Welch’s t-test (**p˂ 0.01, *p<0.05). 
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The One-way ANOVA showed a significant difference between groups (p<0.001); ratios of 

ClCyt in in vitro transcribed RNA are significantly higher compared to ClGua and oxoGua 

ratios and ratios of oxoGua are significantly higher compared to ClGua (*p<0.05, Holm-Sidak 

post hoc test for multiple comparisons).  

Fig. 4. Quantification of proteins from in vitro modified RNA translation (n = 3). Equal 

quantities of in vitro transcribed RNA in presence of NTP (control RNA, light grey 

histograms) or chlorinated NTP (modified RNA, dark grey histograms) were translated in 

reticulocyte lysates in the presence of radiolabeled methionine (35S-Met). The translation 

efficiency was estimated by measuring the amounts of synthesized radiolabeled protein. 

Results showed a significant difference between the two conditions. Data comparisons 

between control condition and chlorinated RNA condition were performed using t-test. * 

Significant difference (p˂ 0.001). 

Fig. 5. DNA polymerase activity (n = 4). A template was amplified by qPCR in the presence 

of dNTP (light grey histograms) or CldNTP (dark grey histograms) and quantified using 

SYBR green. A larger number of cycles was necessary to reach the threshold level (Ct) in the 

presence of CldNTP, in comparison with controls. Data comparisons between control 

condition and CldNTP condition were performed using t-test. * Significant difference (p˂ 

0.001). 

Fig. 6. Quantification of modified nucleosides in in vitro amplified DNA (n = 4). A 

template was amplified by qPCR in the presence of dNTP (controls, light grey histograms) or 

chlorinated dNTP (dark grey histograms) and the in vitro amplified DNA was purified, 

enzymatically hydrolyzed and analyzed by LC/MSMS. Results showed the presence of 

CldCyt, oxodG and CldGua in decreasing amounts into DNA amplified in presence of 

CldNTP. Data comparisons between control condition and CldNTP condition were performed 
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using Welch’s t-test (***p˂ 0.001). The Kruskal-Wallis test showed a significant difference 

between groups (p<0.001); the incorporation of CldCyt and oxodGua is significantly higher 

compared to CldGua (*p<0.05, Tukey post hoc test for multiple comparisons).  

Fig. 7. CDP reductase activity (n = 4). Enzymatic fraction (Enz) was extracted from 

endothelial cells and used to estimate the ribonucleotide reductase activity at T0 (white 

histograms), T24 (light grey histograms) and T48 (dark grey histograms) of incubation in the 

presence of CDP, CTP (not shown), ClCDP, ClCTP (not shown) or mix (not shown). Results 

were expressed as ratio dCyt/total Cyt (%) (a) and as ratio CldCyt/ClCyt (%) (b). Results for 

data not shown (CTP, ClCTP and mixes) presented the same profile. Data comparisons 

between T0, T24 and T48 of each condition were performed using Kruskal-Wallis ANOVA 

on rank. * Significant difference (p≤ 0.05). Data comparisons between control conditions 

(CDP) and enzymatic conditions (CDP Enz) were performed using Kruskal-Wallis test.  

* Significant difference (p<0.05). 
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