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15 Abstract

16 Daunorubicin is commonly used in the treatment of acute lymphoblastic leukaemia 

17 (ALL). Various mechanisms of action for daunorubicin have been proposed and its action is 

18 likely to be multi-modal. The aim of this study was to explore the kinetics of double strand 

19 break (DSB) formation of three ALL cell lines following exposure to daunorubicin and to 

20 investigate the effects of daunorubicin on the cell cycle and the protein kinases involved in 

21 specific checkpoints following DNA damage and recovery periods. Three ALL cell lines 

22 CCRF-CEM and MOLT-4 derived from T lymphocytes and SUP-B15 derived from B 

23 lymphocytes were examined following 4 hours treatment with daunorubicin chemotherapy and 

24 varying recovery periods. Daunorubicin induced different degrees of toxicity in all cell lines 

25 and consistently generated reactive oxygen species. Daunorubicin was more potent at inducing 

26 DSB in MOLT-4 and CCRF-CEM cell lines while SUP-B15 cells showed delays in DSB repair 

27 and significantly more resistance to daunorubicin compared to the other cell lines as measured 

28 by γH2AX assay. Daunorubicin also causes cell cycle arrest in all three cell lines at different 

29 checkpoints at different times. These effects were not due to mutations in Ataxia–telangiectasia 

30 mutated (ATM) as sequencing revealed none in any of the three cell lines. However, p53 was 

31 phosphorylated at serine 15 only in CCRF-CEM and MOLT-4 but not in SUP-B15 cells. The 

32 lack of active p53 may be correlated to the increase of SOD2 in SUP-B15 cells. The delay in 

33 DSB repair and lower sensitivity to daunorubicin seen in the B lymphocyte derived SUP-B15 

34 cells could be due to loss of function of p53 thus causing variations in the DNA repair 

35 pathways. 

36

37 Keywords Ataxia–telangiectasia mutated (ATM); DNA double strand breaks (DSB); γH2AX; 

38 p53; reactive oxygen species (ROS); superoxide dismutase (SOD2)
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40 Introduction

41 Daunorubicin is an anthracycline antibiotic that is widely used in treating acute 

42 leukaemia, lymphoma and multiple myeloma [1]. Proposed mechanisms of anthracycline 

43 action have included: inhibition of synthesis of macromolecules through intercalation of 

44 daunorubicin into DNA strands [2, 3], interaction with molecular oxygen to produce reactive 

45 oxygen species (ROS), topoisomerase II (TOPO2) inhibition and the formation of DNA 

46 adducts [4]. There is good evidence for all these pathways and the mechanism of action of the 

47 anthracyclines is likely to be multi-modal. The type of toxic lesions that generally results from 

48 daunorubicin treatment are DNA double strand breaks (DSB). The occurrence of DSB activates 

49 PI3K-like kinases such as Ataxia–telangiectasia mutated (ATM) [5]. ATM exists as an inactive 

50 dimer and undergoes autophosphorylation and monomerisation in response to DNA DSB [6]. 

51 Activated ATM phosphorylates H2AX at Ser139 residues of the carboxyl terminus to form 

52 γH2AX around the DNA-DSB. A large number of γH2AX molecules form around the DSB to 

53 create a focus point where various DNA repair and checkpoint proteins accumulate that 

54 facilitate DNA-DSB repair [7]. In response to DNA DSB, ATM initiates repair by either non-

55 homologous end joining (NHEJ) or homologous recombination (HR) though the factors 

56 controlling which pathway is chosen are not well understood [8]. A common outcome of both 

57 pathways is phosphorylation of the tumour suppressor gene, p53, which plays a pivotal role in 

58 the cellular response to damage as p53 regulates numerous cellular responses, including cell 

59 cycle arrest and apoptosis as well as upregulation of anti-oxidant proteins such as manganese-

60 containing superoxide dismutase (SOD2 or MnSOD) [9]. 

61 Phosphorylation of p53 is an essential factor for the activation of key cell cycle 

62 checkpoints that leads to a delayed cell cycle progression, resulting in a reversible arrest at the 

63 G1/S cell cycle checkpoint [10] and is also involved in the arrest of the G2/M checkpoint [11]. 
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64 The activation of these checkpoints allows more time for DNA repair mechanisms to be 

65 initiated to maintain genomic integrity[10].

66 Increased levels of ROS following daunorubicin treatment can directly activate ATM 

67 in vitro [12]. It is proposed that ROS activates ATM by promoting the formation of disulphide 

68 bridges, and thus stabilising the ATM dimer, rather than forming a monomer as follows 

69 activation by DSBs. Since activated ATM remains as a dimer, ATM may engage a different 

70 set of substrates and thus different cellular responses. While there is subsequent downstream 

71 activation of p53 and other proteins activated by DSB, the other downstream targets of ATM 

72 activated by ROS are thought to differ substantially [12]. This could have potential effects on 

73 cell cycle arrest and the initiation of apoptosis as well as cellular redox homeostasis.

74 The process of lymphoid tumourigenesis often involves alterations to the ATM gene 

75 resulting in ATM deficient cells which are more sensitive to oxidative stress and are likely to 

76 undergo altered DNA repair and apoptotic pathways. We have chosen to limit our study to 

77 acute lymphoblastic leukaemia (ALL) lines as daunorubicin is widely used in the treatment of 

78 this leukaemia [13]. Little is known about the ATM sequence in ALL cell lines used in medical 

79 research. One of the aims of this study was to explore potential functional mutations in ATM 

80 that may affect how cells handle chemotherapy treatment. To this end, the ATM coding 

81 sequences in T-lymphoblast derived CCRF-CEM and MOLT-4 cells and B-lymphoblast 

82 derived SUP-B15 cells were analysed through Sanger sequencing. 

83 Following daunorubicin treatment, activation of ATM occurs via different mechanisms. 

84 Firstly, ATM activation by DSB involves autophosphorylation at Ser1981 and monomerization 

85 of the native dimer, and subsequent phosphorylation of H2AX to form γH2AX [14]. We 

86 monitored DSB formation by measuring the formation of γH2AX following treatment of 

87 several ALL cell lines with daunorubicin. As the repair process is dynamic and may involve 

88 sequential involvement of different repair pathways we analysed DSB over a time course. 
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89 Secondly, as ROS production may activate ATM, we measured ROS production following 

90 exposure of ALL cells to daunorubicin. The impact γH2AX and ROS levels have on ATM 

91 function and cell survival were analysed. 

92

93 Materials and methods

94 Cell lines

95 Two T-lymphoblastic leukaemia cell lines, CCRF-CEM and MOLT-4, and a B-

96 lymphoblastic leukaemia cell line, SUP-B15, were obtained from the American Type Cell 

97 Culture Collection (ATCC). Cells were stored frozen in liquid nitrogen in cryovials until use. 

98 The CCRF-CEM and MOLT-4 cells were cultured in RPMI-1640 (GibcoTM -Life 

99 Technology, NY, USA), while the SUP-B15 cells were cultured in IMDM (GibcoTM -Life 

100 Technology, NY, USA) supplemented with 10 % foetal calf serum (FCS) and 5 mM glutamine. 

101 Cells were incubated at 37°C in aerobic atmosphere containing 5% CO2. Cells were used before 

102 10 passages.

103 Daunorubicin treatment and recovery

104 Daunorubicin (Sigma-Aldrich NSW, Australia) was prepared as 5 mM stock solutions 

105 in dimethyl sulfoxide (DMSO) and stored in aliquots at −20°C. Cells were plated onto six well 

106 plates at a seeding density of 1×106 cells per well. Cells were treated with 10 μM daunorubicin 

107 and incubated for 4 hours at 37°C in atmosphere of 5% CO2. Treatment media was removed 

108 by centrifugation at 200 g for 5 minutes and replaced with recovery media (media only) for 4, 

109 12 or 24 hours. 
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110 MTT (3-(4,5-dimethylthiazol-2-yl)-2-5 diphenyltetrazolium 

111 bromide) assay 

112 After treatment, cells were washed with PBS (phosphate buffer saline) and centrifuged 

113 at 4°C at 500 g for 5 minutes. The cells were then plated into 96-well plate (3 x 104 cells per 

114 well), and 0.25 mg/ml MTT (Sigma-Aldrich) was added to each well and then incubated at 

115 37°C for 3 hours protected from light. Formazan crystals were solubilized by incubation in 10 

116 % DMSO at room temperature for 1½ hours before reading absorbance at 570 nm using a Flex 

117 station 3 (Molecular Devices, California, USA).

118 ROS flow cytometry assay

119 The cells were plated onto six well plates at a seeding density of 1 × 106 cells per well, 

120 prior to treatment and recovery. The cells were then collected and centrifuged at 400 g for 5 

121 minutes before resuspending in fresh media at 1 x 105 cells ml-1. One ml of cell suspension was 

122 added to 1.5 ml microcentrifuge tubes. As a negative control 5 mM of ROS inhibitor (N-acetyl-

123 L-cysteine) (Enzo-life sciences, NY, USA) was added at least 30 minutes prior to induction, 

124 while 500 μM pyocyanin (ROS inducer) was used as a positive control [15]. ROS detection 

125 solution (5 mM, Enzo-life sciences) was added to all tubes before incubation at 37° C for 30 

126 minutes in the dark. Finally, the intensity of cell fluorescence was recorded by flow cytometry 

127 (Accuri® C6, Flow cytometery, Ann Arbor,MI, USA) using 500 nm excitation and 600 nm 

128 emission.

129 Gamma H2AX assay

130 Cells were plated in a six well plate at a seeding density of 2 × 105 cells per well, prior 

131 to treatment and recovery. The cells were then transferred into 1.5 ml microcentrifuge tubes 

132 and centrifuged at 200 g for 5 minutes. After centrifugation, cells were washed twice with ice 

133 cold TBS (Tris buffered saline, pH 7.4) to remove traces of ethanol in samples. All the samples 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted June 13, 2018. ; https://doi.org/10.1101/346031doi: bioRxiv preprint 

https://doi.org/10.1101/346031
http://creativecommons.org/licenses/by/4.0/


7

134 were kept on ice during assay procedure. After washing with TBS, cells were resuspended in 

135 500 μl of ice cold TFX (1 x TBS, 4% FCS, 0.1% Triton-X100 made fresh for each experiment) 

136 and allowed to rehydrate for 10 minutes. Cells were centrifuged again at 200 g and supernatant 

137 was removed. Cells were resuspended in 100 μl anti-H2AX (pSer139) rabbit polyclonal IgG 

138 (ThermoFisher Scientific, Waltham, MA, USA) diluted at 1:500 in 1x TFX and incubated at 

139 room temperature for 2 hours. Cells were then washed twice with 1x TFX by centrifugation at 

140 200 g and the supernatant discarded. Cells were resuspended in 100 μl goat anti-rabbit IgG 

141 Alexa Fluor 488 conjugate antibody (ThermoFisher Scientific, USA) diluted at 1:200 in 1x 

142 TFX for 1 hour at room temperature, protected from light. Cells were washed twice with 1x 

143 TFX and resuspended in 300 μl TFX containing 5 μg ml-1 propidium iodide (Sigma Aldrich) 

144 and analysed using flow cytometery. Data was analysed using CFlow Plus software (Accuri®). 

145 Log fluorescence against cell count was plotted.

146 Cell cycle analysis

147 Fixed samples were centrifuged at 200 g and washed twice with ice-cold PBS. The cells 

148 then resuspended in staining solution containing 25 μg ml-1 propidium iodide and 100 μg ml-1 

149 RNase A in cold PBS and incubated at 37°C for 30 minutes. All the samples were analysed by 

150 using a flow cytometer (BD Accuri C6, California, USA). A total of 10,000 events were 

151 recorded for each sample.

152 Western blotting and dot array

153 After treatment with daunorubicin, cells were washed with PBS containing 1 mM 

154 phenymethylsulfonyl fluoride (PMSF) and centrifuged at 200 g for 5 minutes at 4°C. Pelleted 

155 cells were suspended with 100 μl lysis buffer (Abcam, VIC, Australia), 1 mM PMSF and 10 

156 mg ml-1 aprotinin, and incubated on ice for 30 minutes. Samples were then centrifuged at 

157 15,000 g for 20 minutes at 4°C and the supernatants collected. Protein concentration of each 

158 sample was determined using BSA protein assay according to the manufacturer’s protocol 
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159 (BIO-RAD, NSW, Australia). Each protein sample (30 μg) was denatured in 5 μl LDS (lithium 

160 dodecyl sulfate buffer) with 200 mM DTT at 70°C for 10 minutes (Abcam). Samples were 

161 loaded onto 10% or 12% Tris Tricine SDS-PAGE gels (Abcam) and fractionated at 180 V for 

162 30 to 70 minutes in the presence of SDS running buffer (Abcam, ab 119195). Samples were 

163 transferred to polyvinylidene fluoride (PVDF) membrane using a mini trans-blot apparatus 

164 according to the manufacture’s protocol (BIO-RAD) with 1x transfer buffer (Abcam). 

165 Following protein transfer, the PVDF membrane was blocked with 5% non-fat milk in TBS-T 

166 (20 mM Tris, pH 8.0, 150 mM NaCl, 0.1% (v/v) Tween 20) overnight. The PVDF membrane 

167 was washed three times with TBS-T each for 5 minutes and then incubated in either anti-SOD2 

168 (1:1000), anti-p53 (1:1000) or anti-beta tubulin (1:5000) antibodies (Cell Signalling 

169 Technology, MA, USA) diluted in blocking buffer for 4 hours at 4°C with gentle agitation. The 

170 membrane was then washed with in TBS-T three times, before adding goat anti-rabbit IgG 

171 secondary antibody (1:10,000) (Cell Signalling Technology) and incubating for 4 hours at room 

172 temperature. The PVDF was then washed with TBS-T and incubated with ChemiFast 

173 Chemiluminescence substrate (BIO-RAD). Chemiluminescence was measured in a G BOX 

174 (Syngene, Cambridge, UK) and the immunodensity of the bands was measured using gene tool 

175 Syngene software. 

176 The impact of treatment on proteins involved in cell cycle arrest was explored using a 

177 commercially available human apoptosis array kit (Abcam, UK) according to the 

178 manufacturer’s instructions. After treatment with daunorubicin, cells were incubated for a 

179 further 12 hours in recovery media. Cells were removed from plates and processed according 

180 to the manufacturer’s instructions Sample lysate protein concentration was determined with 

181 BioRad DC Protein Assay Kit II before blotting and immunoprobing and detection of 

182 chemiluminescence signal as described above.

183
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184 ATM Sequencing

185 RNA was isolated from 5 x 106 of CCRF-CEM, MOLT-4 or SUP-B15 cells using SV 

186 total RNA isolation kit (Promega, VIC, Australia). Reverse transcription was performed using 

187 the ImProm-IITM Reverse transcription system (Promega, VIC, Australia) kit. 1 μg of RNA 

188 samples were mixed with 0.5 μg of oligo dT, 0.5 μg of random primers and nuclease-free water.  

189 The reverse transcription mix was prepared according to the Promega protocol. RNA and 

190 primers were combined with reverse transcription mixture and incubated accordingly: 

191 Annealing at 25° C for 5 minutes; extension at 42° C for one hour and reverse transcriptase 

192 inactivation by incubation at 70° C for 15 minutes. The cDNA product was stored at -20° C 

193 prior to use. 

194 Primers were designed to ensure that the entire coding region of the Ataxia–

195 telangiectasia mutated (ATM) gene was amplified (Fig 1). Each set of primers were designed 

196 based on the wild type ATM (U82828.1, NCBI) sequence. Primers used in the experiment were 

197 designed as follows: primer length was between 18-25 base pairs; the primer melting 

198 temperature was calculated by A plasmid editor (ApE; 

199 http://biologylabs.utah.edu/jorgensen/wayned/ape/) software, with primers having a minimum 

200 melting temperature of 48°C; each primer was designed to have 40-60% GC content; and 

201 palindromic sequences within primers were avoided. Primer sequences are detailed in S1 

202 Table. The use of a high fidelity, low error rate DNA polymerase enzyme in the PCR reactions 

203 was essential in order to minimise errors in amplicon extension and subsequent sequencing 

204 data. 1 µg cDNA samples were used as a template to generate full length high fidelity 

205 amplicons. The PCR reactions contained 0.5 μM forward primer, 0.5 μM reverse primer, 1 μl 

206 of cDNA sample, 1x Q5 PCR high fidelity Master Mix (NEB, MA, USA), with PCR quality 

207 water making the balance to 25 μl. PCR conditions for the different primer pairs are defined in 

208 S2 Table. PCR products were cleaned in 50 μl of elution buffer using the Ultra clean PCR clean 
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209 up kit (Mo Bio, CA, USA). Confirmation of PCR product size was performed by 1 % agarose 

210 gel electrophoresis. Sanger sequencing was performed by the Australian Genome Research 

211 Facility in Brisbane and aligned with NCBI sequences of the ATM gene. 

212

213 Fig 1. Schematic structure of the ATM gene and protein. (A) ATM cDNA diagram and primer 

214 positions.  (B) ATM exon diagram and primer position. The red arrows indicate exons. The yellow 

215 arrows indicate size of cDNA sequence. The green arrows indicate primer position. Both (A) and (B) 

216 diagrams were created using CLC Genomics Workbench (CA, USA). (C) Schematic diagram of the 

217 regions of the ATM protein kinase. The FAT domain is autophosphorylated, PI3K is the kinase 

218 domain and FATC domain interacts with Tip60 protein to activate ATM. 

219

220 Data analysis

221 Data is presented as mean ± standard error of the mean (SEM) and is analysed by one-

222 way ANOVA followed by the Tukey’s post-hoc test using GraphPad Prism 7 software. P < 

223 0.05 is considered statistically significant. 

224

225 Results

226 Effects of daunorubicin on cell viability

227 Daunorubicin treatment causes many different types of toxic lesions. The MTT assay 

228 was utilised to assess changes in the number of the three ALL cell lines used in this study. Each 

229 of the cell lines displayed a different pattern of sensitivity to daunorubicin. Daunorubicin 

230 toxicity was observed in MOLT-4 cells after 4 hours in recovery media, the earliest time 

231 examined (Fig 2A). The level of reduction in cell density was about 50% compared to the 

232 control after 4 hours (0.56 ± 0.05, P = 0.0018), and remained at these levels after 12 hours (0.54 

233 ± 0.04, P = 0.0011) and (0.57 ± 0.02, P = 0.014) 24 hours. CCRF-CEM cells exposed to 
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234 daunorubicin (Fig 2B) did not show significant reduction in cell density until 12 hours in the 

235 recovery media (0.48 ± 0.07, P = 0.0002) compared to the control. The significant reduction in 

236 the cell density level remained after 24 hours recovery (0.45 ± 0.07, P < 0.0001). Treatment of 

237 SUP-B15 cells (Fig 2C) with daunorubicin resulted in a biphasic response. Initially after 4 

238 hours in recovery media there was a significant decrease in cell density compared to the control 

239 (0.61 ± 0.07, P = 0.006). When the cells were incubated in 12 hours recovery media, the 

240 decrease in cell density was comparable to the control (1.08 ± 0.07) and not significantly 

241 reduced at 24 hours (0.76 ± 0.06; P = 0.945). 

242

243 Fig 2. Effect of daunorubicin on cell viability. Relative cell density following treatment with 10 μM 

244 daunorubicin for 4 hours and followed by 4, 12 and 24 hours (post recovery time) of recovery media 

245 for (A) MOLT-4, (B) CCRF-CEM and (C) SUP-B15 cells was determined using the MTT assay. Bars 

246 indicate mean of a total of six replicates ± SEM, from three independent experiments. Results were 

247 normalised to the control at each time point. * P < 0.05, ** P < 0.01; *** P < 0.001 one-way ANOVA 

248 followed by Tukey’s post-hoc test.  

249

250 Effects of daunorubicin on production of damaging reactive 

251 oxygen species

252 A mechanism of action of daunorubicin is to generate reactive oxygen species (ROS), 

253 which causes DNA damage, particularly it will induce DSBs [16]. To assess the changes in 

254 ROS production over time following treatment with daunorubicin, the total ROS assay was 

255 performed (Fig 3 and S1 Fig). Since daunorubicin can stimulate the production of ROS via 

256 several processes, and cells have several mechanisms for quenching toxic ROS, the differences 

257 in ROS over time reflects not only cell sensitivity, but also long term daunorubicin 

258 effectiveness. Treatment of MOLT-4 cells (Fig 3A) with 10 μM daunorubicin resulted in a 
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259 significant increase in ROS production after 4 hour recovery period (10.48 ± 0.03, P < 0.0001) 

260 compared to the control. Increase in ROS production reached a maximum after 12 hours 

261 recovery (127.7 ± 2.47, P < 0.0001) and declined significantly after 24 hours (24.90 ± 0.40, P 

262 < 0.0001). CCRF-CEM cells exposed to daunorubicin (Fig 3B), displayed a similar pattern of 

263 ROS production. There was a significant increase in ROS production after 4 hours recovery 

264 period (47.33 ± 0.77, P < 0.0001) compared to the control. This increase in ROS production 

265 reached a maximum after 12 hours recovery (133.1 ± 1.95, P < 0.0001), then decreased after 

266 24 hours recovery (16.0 ± 0.21, P < 0.0001). SUP-B15 cells (Fig 3C) when treated with 

267 daunorubicin did not appear to be as sensitive to the production of ROS compared to MOLT 

268 and CCRF-CEM cells. SUP-B15 cells showed a significant increase in ROS production after 

269 4 hours recovery period (23.09 ± 3.11, P < 0.0001) compared to the control. The amount of 

270 ROS produce was comparable following 12 hours incubation in the recovery media (24.75 ± 

271 2.79; P < 0.0001) before declining after 24 hours recovery (9.91 ± 1.46 P = 0.0172).

272

273 Fig 3. Total Reactive oxygen species (ROS) induced by daunorubicin. MOLT-4 (A), CCRF-CEM 

274 (B) and SUP-B15 (C) cells exposed to 4 h treatment with 10 µM daunorubicin, followed by 4, 12 and 

275 24 hours (post recovery period) in recovery media. Graph indicates mean of total of six replicates ± 

276 SEM, from three independent experiments.  Results were normalised to the control at each time point. 

277 * P < 0.05, ** P < 0.01; *** P < 0.001; **** P < 0.0001 one-way ANOVA followed by Tukey’s post-

278 hoc test.

279

280 Effects of daunorubicin on DNA double strand breaks 

281 The lesions most detrimental to cell survival following treatment with daunorubicin, 

282 include the DSBs. The production and subsequent repair of these lesions was assessed over 

283 time by detecting γH2AX. This also gives an indication of how effective DNA repair processes 
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284 are within T or B lymphoblast derived cells (Fig 4 and S2 Fig). After 4 hours recovery, there 

285 was no significant increase in γH2AX fluorescence intensity (2.81 ± 0.88; P = 0.127) compared 

286 to the control in MOLT-4 cells (Fig 4A). However, after 12 hours in recovery media, there was 

287 a significant increase in γH2AX expression (3.76 ± 0.57; P = 0.0065). When cells were 

288 incubated for 24 hours in the recovery media, γH2AX expression decreased and was 

289 comparable to control levels (2.35 ± 0.622; P = 0.423). When CCRF-CEM cells were allowed 

290 to recover for 4 hours (Fig 4B) following initial 4 hours treatment with daunorubicin, there was 

291 a significant increase in the number of cells that stained positive for γH2AX when compared 

292 to the control (3.91 ± 0.54; P = 0.0002). γH2AX expression decreased after 12 hours in recover 

293 media, comparable to control levels (2.37 ± 0.38; P = 0.471). Levels of γH2AX remained at 

294 this level after 24 hours recovery (2.24 ± 0.69; P = 0.277). When SUP-B15 cells (Fig 4C) were 

295 incubated for 4 hours in recovery media, there was a significant increase in the percentage of 

296 cells expressing γH2AX when incubated in the recovery media for 4 hours (2.45 ± 0.45; P = 

297 0.0148). Expression levels remained elevated after 12 hours (2.59 ± 0.23; P = 0.0024) and 24 

298 hours incubation in the recovery media (3.13 ± 0.43; P < 0.0001). 

299

300 Fig 4. Effect of daunorubicin on DSB. Measurement of DSB by γH2AX fluorescence for MOLT-4 

301 (A), CCRF-CEM (B) and SUP-B15 (C) cells following 4 h treatment with 10 µM daunorubicin, 

302 followed by 4, 12 and 24 hours (post recovery period) in recovery media. Median intensities from (flow 

303 cytometry histograms of the raw data) were used to plot the bar diagram. Graph indicates mean of total 

304 of six replicates ± SEM, from three independent experiments. Results were normalised to the control at 

305 each time point. * P < 0.05, ** P < 0.01; *** P < 0.001 one-way ANOVA followed by Tukey’s post-

306 hoc test.

307

308 Effects of daunorubicin on cell cycle progression
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309 Following the toxic effects of daunorubicin, the cell should respond by initiating cell 

310 cycle arrest to allow DNA repair processes to occur. Analysis of cell cycle stages can be 

311 assessed using propidium iodide staining, to determine the impact of daunorubicin on cell cycle 

312 progression or arrest at different times after treatment (Fig 5). As shown in Fig 4A, cell cycle 

313 profiles for MOLT-4 after 4 hours in recovery media (15.5:42:42.5; G1:S:G2/M) there was an 

314 increase in the proportion of cells in G2/M phase of the cell cycle when compared to control 

315 (48:41:11), with a subsequent decrease in G1 phases. The proportion of cells continued to 

316 accumulate in the G2/M phase after 12 hours recovery (10.5:23.5:66) with further reduction in 

317 G1 phase, but after 12 hours there was also a reduction in cells in S phase. After 24 hours 

318 recovery time, the cell cycle profile returned to normal levels (49:32.5:18.5). Similarly, the cell 

319 cycle profiles for CCRF-CEM cells (Fig 5B) showed a dramatic increase in the proportional of 

320 cells in G2/M phases of cell cycle when compared to control. The proportion of cells in the 

321 G2/M phase continued to increase after 12 hours recovery. The accumulation of cells in the 

322 G2/M phase resulted in a reduction of cells in the G1 and S phase of cell cycle. After 24 hours 

323 recovery time, the cell cycle profile returned to normal levels. In contrast, the cell cycle profiles 

324 for SUP-B15 cells (Fig 5C) showed an increase in the proportion of cells in G1 phase and G2/M 

325 phase of cell cycle when compared to control after 4 hours of incubation in recovery media. 

326 The proportion of cells in G1 phase was further increased when the cells were incubated after 

327 12 hours, further increasing after 24 hours recovery. Cells accumulating in the G1 phase 

328 resulted in a reduction of cells in the G2/M and S phase of cell cycle.  

329

330 Fig 5. Daunorubicin alters cell cycle profiles. Cell cycle profiles for MOLT-4 (A), CCRF-CEM (B) 

331 and SUP-B15 (C) cells following 4 h treatment with 10 µM daunorubicin followed by 4 hour, 12 hour 

332 and 24 hour in recovery media. Graph indicates mean of total of six replicates ± SEM, from three 

333 independent experiments. * Results were normalised to the control at each time point. * P < 0.05, ** P 
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334 < 0.01; *** P < 0.001; ns = non-significant one-way ANOVA followed by Tukey’s post-hoc test.  

335 Black G1 phase, Pink S phase and Blue G2/M phase.

336

337 Expression of p53 and SOD2

338 DSB activates ATM [17] and the differences in cell cycle recovery may be due to 

339 mutations in ATM. To determine if functional mutations in ATM were affecting how cells 

340 handle chemotherapy treatment, the full ATM sequence in T-lymphoblast derived CCRF-CEM 

341 and MOLT-4 cells and B-lymphoblast derived SUP-B15 cells were explored through Sanger 

342 sequencing. The coding region was fully amplified using a selection of primer pairs (Fig 1) and 

343 the products were sequenced. This was done for each of the cell lines and no mutations found 

344 in the full ATM coding region. 

345 Following detection of DSB, activation of p53 initiates several downstream processes, 

346 including activation of SOD2 to quench ROS, and maintain cell survival. Analysis of p53 in 

347 the three ALL cell lines following treatment, indicated a lack of p53 phosphorylation at Ser15 

348 in SUP-B15 cells. Whereas the phosphorylation of p53 in both CCRF-CEM and MOLT4 cell 

349 lines was observed (Fig 6A). SOD2 was unchanged in both MOLT-4 and CCRF-CEM and 

350 increased in SUP-B15 cells (Fig 6B), although the later effect could be due to reduced ROS 

351 production seen in SUP-B15 cells (Fig 3C). This dysfunction of p53 would also have an impact 

352 on cell cycle regulators, including p21 and p27, which are both down regulated in SUP-B15 

353 cells following treatment with daunorubicin (Table 1).

354

355 Fig 6. Western analysis of p53 and SOD2. (A) Proteins from SUP-B15, CCRF-CEM and MOLT-4 

356 cell lines treated with 10 µM daunorubicin for 4 h or untreated (control) were probed with anti-SOD2 

357 or anti-phospho-p53 at Ser15. Separate gels from the same cell preparations were analysed for tubulin 

358 expression. (B) Evaluation of MnSOD2 expression. Tubulin expression was analysed as a 
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359 loading control, results are expressed as ratio of SOD2 to tubulin intensity. Bars indicate mean 

360 of at least four replicates ± SEM, from two independent experiments. *** P < 0.001 one-way 

361 ANOVA.

362

363 Table 1 Summary of results from the apoptosis array showing the effect daunorubicin on p53, p21 and 

364 p27 in MOL-4, CCRF CEM and SUP-B15 cell lines.

MOLT-4 CCRF-CEM SUP-B15Protein

DNR 

4 hours

Recovery 

Media

12 hours

DNR

4 hours

Recovery 

Media

12 hours

DNR

4 hours

Recovery 

Media

12 hours

p53 ↑ − ↑ − ↓ ↓

p21 ↑ − ↑ − ↓ ↓

p27 ↑ - ↑ ↑ ↓ -

365

366 Discussion

367 Assessment of the impact of daunorubicin on the selected leukaemic cell lines revealed 

368 very different cellular responses and sensitivity to daunorubicin. The ALL cell lines, MOLT-4 

369 and CCRF-CEM which are derived from acute T-lymphoblastic leukemia, displayed a 

370 cytotoxic response, with DNA-DSB and cell cycle arrest to allow subsequent DNA repair to 

371 occur. However, the ALL cell line, SUP-B15 derived from an acute B-lymphoblastic 

372 leukaemia, displayed a different pattern of response. SUP-B15 cells showed no signs of DNA-

373 DSB repair, and cells accumulating in G1 phase, as opposed to G2/M in the other cell lines. 

374 Regulation of cell cycle progression and DNA repair through activation of p53, p21 and p27, 

375 was reduced differing from the observed in MOLT4 and CCRF-CEM cells.

376 All cell lines in this study responded to the cytotoxic effects of daunorubicin with a 

377 reduction in cell number which supports previous studies [13, 18, 19]. MOLT-4 cells appeared 
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378 to be the most sensitive, with a persistent decrease in cell number observed as early as 4 hours 

379 post treatment. CCRF-CEM cells did not succumb to the cytotoxicity until 12 hours post 

380 treatment, levels at this time were comparable to MOLT-4, and remained at this level for the 

381 duration of the study time. However, SUP-B15 cells displayed a different pattern of response 

382 and appeared less sensitive to the drug especially after 12 and 24 hours. These differences 

383 suggest that daunorubicin induced more DNA damage in both MOLT-4 and CCRF-CEM cells 

384 compared to SUP-B15 cells. The concentration of daunorubicin (10 μM) used in this study was 

385 shown to be effective in Jurkat T lymphoma and HL-60 promyelocytic leukaemia cell line [20] 

386 and sarcoplasmic reticulum cardiac cells [21].

387 The effectiveness of a chemotherapeutic agent is dependent on several factors; 

388 concentration, exposure time, doubling time of the cell line, state of DNA Damage Response 

389 (DDR) mechanisms and type of damage induced. Most of these characteristics are primarily 

390 determined by the genetics of the cell line. Many chemotherapeutic agents, such as 

391 daunorubicin, elicit their damage by disrupting or targeting the replication of DNA during the 

392 S phase of the cell cycle. Cells that complete more cell cycles (have shorter doubling times) 

393 are therefore more vulnerable to the chemotherapeutic agent when compared to a cell line that 

394 completes fewer cell cycles (longer doubling time). The CCRF-CEM cells have a doubling 

395 time ranging from 20 to 30 hours [22], therefore the CCRF-CEM cells would have at least one 

396 cell cycle to identify and repair the damage induced by the chemotherapeutic tested. MOLT-4 

397 cells have a doubling time of approximately 22-24 hours [23-25]. So again, MOLT-4 would 

398 have one cell cycle to identify and repair the damage induced by the chemotherapeutic agents. 

399 SUP-B15 cells would have only entered the second cell cycle during the observed treatment 

400 time as the doubling time of SUP-B15 cells is approximately 46 hours, with reports ranging 

401 from 35 to 60 hours [26, 27]. This may explain the observed results as half of SUP-B15 cells 

402 have been affected, while MOLT-4 and CCRF-CEM the majority of cells have been damaged.
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403 Free radical formation and oxidative stress play an important role in the cytotoxicity of 

404 daunorubicin as ROS may serve as an intracellular signal of apoptotic events [28]. 

405 Daunorubicin induced ROS in the three leukaemic cells lines with variations over the time 

406 period. The T-lymphoblast cell lines, CCRF-CEM and MOLT-4 produced ROS at high levels 

407 from 4 to 12 hours before declining sharply over the next 12 hours. However, the B lymphoblast 

408 SUP-B15 cells consistently expressed significant but relatively lower ROS levels throughout 

409 the experimental period. Daunorubicin induces cytotoxicity in the cells by the generation of 

410 ROS and enhanced G2/M phase cell cycle [29]. Increases in the level of ROS is regulated by 

411 several signal networks, Antioxidants such as superoxide dismutase (SOD2), catalase (CAT) 

412 and glutathione peroxidase 1 (GPx) play a central role [30]. The overall effect of the antioxidant 

413 system depends on the intracellular balance between these antioxidant enzymes rather than a 

414 single component. In the antioxidant enzyme system, SOD2 catalyses the dismutation of 

415 superoxide radicals to H2O2. p53-dependent up-regulation of SOD2 (or MnSOD) and 

416 glutathione peroxidase 1 (GPx) is important in human lymphoblasts [31]. 

417 Although ATM was expressed in all three cell lines and contained no mutations in the 

418 coding regions, p53 was phosphorylated in MOLT-4 and CCRF-CEM but not in SUP-B15 after 

419 daunorubicin treatment. Hence, p53 in SUP-B15 is more likely to be mutated. Leukaemia cells 

420 often possess mutations in p53 gene [32]. P53 is an essential tumour suppressor gene, that also 

421 regulates SOD2 gene expression [33]. Thus in SUP-B15 cells where p53 is not activated, the 

422 antioxidant effects of SOD2 will not modulate ROS levels during the daunorubicin treatment 

423 [34]. However, p53-mediated production of ROS can be cell type and species dependent [31].

424 To determine the impact of daunorubicin on the DSBs in the selected ALL cell lines, 

425 and the subsequent repair, we analysed the gamma H2AX levels. The histone H2AX plays a 

426 key role in DNA-DSB repair by rapidly phosphorylating serine residues to form γH2AX foci 

427 near the DSBs [35]. Treatment of all cell lines with daunorubicin resulted in an increase in 
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428 γH2AX staining within 4 hours indicating this is an appropriate treatment time and supporting 

429 previous studies that show daunorubicin causes DSBs [36, 37]. To follow the dynamics of DSB 

430 repair, cells were allowed to recover over 24 hours when there were still significant levels of 

431 DSBs detected. This indicates that even though repair was occurring, not all DBSs induced 

432 were repaired during this time. Notably, SUP-B15 cell line showed more pronounced DSBs at 

433 12 and 24 hours recovery time compared to MOLT-4 and CCRF-CEM cell lines, suggesting 

434 that different DDR mechanisms or pathways were involved. DSB repair in CCRF-CEM cells 

435 appeared the most robust, with repair occurring after 4 hours in recovery and total repair after 

436 24 hours. MOLT-4 showed that the DSB repair took place after 12 hours in recovery. This 

437 indicates that the 24 hours recovery time is enough for some repair of daunorubicin induced 

438 DSB in MOLT-4 and CCRF-CEM cells. On the other hand, even after 24 hours recovery, the 

439 level of DSBs in SUP-B15 cells was significantly higher indicating incomplete DSB repair. 

440 Most cells have an intrinsic repair process in response to any DNA damage, including those 

441 induced by daunorubicin. The effectiveness of the DDR will be cell line dependent, with some 

442 cell lines having mutations in the key signalling intermediary p53 [38, 39] as seen in SUP-B15 

443 in this study. Dependent on the DNA damage that has been induced, single stranded breaks or 

444 DSB, different DDR pathways will be signalled. Daunorubicin induced DNA-DSB primarily 

445 utilise the HR and NHEJ repair pathways [40]. Mutations to important elements of the HR or 

446 NHEJ, can compromise the DDR mechanisms, resulting in less damage being identified and 

447 appropriate cellular responses stimulated. Increased expression of such enzymes leads to 

448 increased repair following exposure to chemotherapies inducing DSB, including daunorubicin, 

449 and this is a key mechanism in the ever growing problem of chemoresistance to therapy [41, 

450 42]. The difference in potency of the chemotherapy in the three cell lines could be due to the 

451 difference in molecular profiles between the three cell lines, and one pertinent example is p53 

452 status. 
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453 Along with reduction of detectable γ-H2AX, and thus DSBs, during the recovery time, 

454 DNA-PK, ATM and ATR also initiate cell cycle arrest. Exposing SUP-B15 cells to 

455 daunorubicin caused a progressive accumulation of cells in G1 phase while daunorubicin 

456 treatment of MOLT-4 and CCRF-CEM cells caused a profound accumulation of cells in G2/M 

457 phase, with a progressive reduction of cells in G1 and S phase of the cell cycle. However, after 

458 24 hours recovery the cell cycle profile of MOLT-4 and CCRF-CEM cells was comparable to 

459 the control, suggesting the impact on cell cycle was no longer expressed. This is consistent 

460 with the previous observation in HL-60 cells (myeloid leukaemic cell line) where daunorubicin 

461 caused a marked G2/M accumulation after 24 hours of exposure to the drug [43]. The profound 

462 accumulation in G2/M has also been observed in CCRF-CEM cells treated with the 

463 anthracycline doxorubicin [44]. Doxorubicin also induced profound G2/M arrest in HCT-116 

464 human colon carcinoma cells and was accompanied by activation of p53 and induction of p21 

465 mRNA and protein expression [45]. 

466 The cell line dependent variations in various enzyme expression levels, particularly 

467 p53, p27 and p21, could be a factor in the differences in the degree of cell cycle arrest and 

468 subsequent DSB repair. In many cancer cells, loss of p53 is thought to be a predictor of failure 

469 to respond to chemotherapy and radiotherapy [46]. Treatment of MOLT-4 and CCRF-CEM 

470 with daunorubicin resulted in increased the level of p53, p27 and p21, corresponding with 

471 increased levels of DNA DSBs and cell cycle arrest. In contrast, SUP-B15 cells showed 

472 decreases in the levels of p53, p27 and p21. Several studies have provided compelling evidence 

473 relating the mutations in p53 with chemoresistance to various cytotoxic drugs [38, 47-50].  

474 Following DNA damage, phosphorylation of p53 at Ser15 by ATM or other kinases 

475 inhibits the binding of MDM2 to p53 and this leads to increased activity of p53. Anthracycline 

476 mediated cell cycle arrest may take place at G1 or G2 checkpoints and this can be mediated 

477 through the multifunctional transcription factor p53 [51, 52]. p53 induces p21 (CDK inhibitor) 
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478 expression and therefore, inactivation of p53 will also result in decreasing levels of p21 [53]. 

479 p27 is also a member of CIP/KIP and controls cell progression from G1 to S phase by mediating 

480 G1 arrest through inhibiting cyclin/CDK complex activities [54]. Normally, p53 may boost 

481 chemosensitivity through enhancing p21-mediated growth arrest and DNA repair [55]. p53 has 

482 two functional roles, it can induce cell cycle arrest, through the transactivation of the p21 or 

483 induction of apoptosis [56]. 

484 Conclusions

485 In summary, the study provides additional insight into the mechanism of action of 

486 daunorubicin on DNA DSB formation, DNA repair and the cell cycle arrest in acute 

487 lymphoblastic leukaemia cell lines. The delay in DSB repair and lower sensitivity to 

488 daunorubicin in the B lymphoblastic SUP-B15 cells is likely to involve loss of p53 function 

489 amongst other factors. These factors may contribute in inhibiting or affecting DNA repair 

490 pathways. As p53, p21 and p27 phospho-kinase proteins play essential roles in tumour 

491 progression and clinical outcomes in acute lymphoblastic leukaemia, the presence and activity 

492 regulatory proteins should be taken into consideration in devising personalized treatment 

493 regimens.
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