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Abstract

Replication stress is a common feature of cancer cells. Ataxia Telangiectasia Mutated (ATM) 
and Rad3 related (ATR) signalling, a DNA damage repair (DDR) pathway, is activated by 
regions of single-stranded DNA (ssDNA) that can arise during replication stress. ATR delays 
cell cycle progression and prevents DNA replication fork collapse, which prohibits cell death 
and promotes proliferation. Several ATR inhibitors have been developed in order to restrain 
this protective mechanism in tumours. It is known, however, that despite other effective anti-
cancer chemotherapy treatments targeting DDR pathways, resistance occurs. This begets the 
need to identify combination treatments to overcome resistance and prevent tumour cell 
growth. We conducted a drug screen to identify potential synergistic combination treatments 
by screening an ATR inhibitor (VE822) together with compounds from a bioactive small 
molecule library. The screen identified adefovir dipivoxil, a reverse transcriptase inhibitor and 
nucleoside analogue, as a compound that has increased cytotoxicity in the presence of ATR, 
but not ATM or DNA-PK inhibition.
Here we demonstrate that adefovir dipivoxil induces DNA replication stress, activates ATR 
signalling and stalls cells in S phase. This simultaneous induction of replication stress and 
inhibition of ATR signalling, leads to a marked increase in pan-nuclear γH2AX positive cells, 
ssDNA accumulation, and cell death, indicative of replication catastrophe. 

Novelty and impact

Replication stress is a common feature of cancer cells, making them susceptible to ATR 
inhibition. Our data is the first to reveal that adefovir dipivoxil, a reverse transcriptase inhibitor, 
induces DNA replication stress in cancer, and raises its potential to be a new approach to 
enhance cytotoxicity of ATR inhibition in tumour cells. This data adds to growing evidence 
that targeting cells under high DNA replication stress can increase cancer cell killing by ATR 
inhibition.
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Introduction

Eukaryotic genomes are exposed to mild forms of naturally occurring replication stress during 
cell cycle 1. Pathological settings, however, such as activation of oncogenes, can increase the 
level of replication stress, leading to DNA damage and genomic instability 2. As a result, 
maintaining the stability of genomic DNA is crucial for the survival of any cell, including 
cancer cells. Cells have therefore developed mechanisms to protect their DNA, such as Ataxia 
Telangiectasia Mutated (ATM) and Rad3 related (ATR) signalling, one of the DNA damage 
repair (DDR) pathways 3, 4. Upon replication stress, ATR signalling stabilises stalled 
replication forks, counteracts new origin firing and delays cell cycle progression 5, 6

It has been shown that persistent replication stress results in conversion of stalled replication 
forks to ‘collapsed forks’ 7, 8, which can lead on to DNA double-strand breaks (DSBs), 
considered the most critical DNA lesions 9. ATR signalling is known to delay the onset of fork 
collapse 10 and replication catastrophe, a fragmentation of replicating chromosomes 11, 12. This 
response takes many hours to develop 13, and has been reported to occur due to accumulation 
of ribonucleotide reductase M2 (RRM2) and reduction in origin firing in S phase 14. 
Due to replication stress being a common feature of cancer cells 1, a property that makes them 
susceptible to ATR inhibition, several inhibitors have been developed in order to restrain this 
protective mechanism. VE822 (also known as VX-970 or berzosertib) is the first selective ATR 
inhibitor (ATRi) to enter clinical trials. VE822 significantly sensitised a panel of tumour cell 
lines, but not normal cells, to DNA damaging drugs, including cisplatin, gemcitabine, and 
irinotecan 15, 16. The tolerability and pharmacokinetics of VE822 in combination with cytotoxic 
chemotherapy are currently being assessed in a phase I clinical trial (ClinicalTrials.gov: 
NCT02157792). Based on other anti-cancer therapies targeting DDR pathways, it is known 
that, despite initially positive results, most cancers eventually develop resistance to therapies17-

20. This begets the need to identify combination treatments to prevent the emergence of drug 
resistance and to provide sustained inhibition of tumour cell growth 21.
It has been shown that the checkpoint kinase 1 (CHK-1, known as the ATR effector kinase) 
pathway, can function independently of ATR and allow cells to tolerate moderate replication 
stress during ATR inhibition 14. We hypothesized that inhibition of the ATR pathway in the 
presence of higher levels of DNA replication stress, would more effectively kill cancer cells. 
We conducted a drug screen aiming to identify potential combination therapies by screening 
an ATRi (VE822), together with a bioactive small molecule library that included targeted 
therapies as well as standard chemotherapy agents.
Our drug screen revealed adefovir dipivoxil, a nucleoside analogue and reverse transcriptase 
inhibitor 22-24 , that induces replication stress and leads to enhanced cytotoxicity with ATR 
inhibition, which may have clinical implications.
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Material and Methods

Drugs and chemicals: 

Adefovir dipivoxil, adefovir, cidofovir, docetaxel (Stratech Scientific Ltd), HU and 
gemcitabine (Sigma-Aldrich), were used as indicated in Figure legends. Inhibitors for ATM 
(KU55933), ATR (VE822, VE821), and DNA-PKcs (NU7441) (Stratech Scientific Ltd), were 
applied as indicated. Deoxynucleotide triphosphate (dNTP) analogues: bromodeoxyuridine 
(BrdU, Sigma-Aldrich) and 5-ethynyl-2´-deoxyuridine (EdU, Thermo Fisher Scientific) were 
used as indicated. Bovine serum albumin (BSA), Triton X-100, sodium tetraborate and 
Tween20 (Sigma-Aldrich), normal goat serum (Merck Millipore), Hoechst (Thermo Fisher 
Scientific), propidium iodide (PI, Sigma-Aldrich) and RNaseA (Sigma-Aldrich), were used as 
indicated. 

Cell culture

H1975 [CVCL_1511], A549 [CVCL_0023], were obtained from American Type Culture 
Collection; (ATCC, Queens Road, Teddington, UK). PC-9 cells [CVCL_B260] were a kind 
gift from Dr Kazuto Nishio (Kinki University, Japan) 25. DLD1 [CVCL_0248], as well as 
DLD1 BRCA2(-/-) [CVCL_HD57] were obtained from Horizon Discovery (8100 Cambridge 
Research Park, UK). NBE1 cells [CVCL_9Y83] were a kind gift from Dr Pamela Rabbitts 
(University of Leeds, UK). All cell lines have been authenticated using Short Tandem Repeat 
(STR) profiling within the last three years. All experiments were performed with mycoplasma-
free cells 26.
Cell were routinely passaged in advanced DMEM (Thermo Fisher Scientific) supplemented 
with 5 % fetal bovine serum (FBS, Sigma-Aldrich), 1% Glutamax (Thermo Fisher Scientific) 
and 1% Pen/Strep (Thermo Fisher Scientific).

Drug screen

Due to the number of compounds in the screen (1902 compounds +/- VE822) we took a 
pragmatic approach and chose two drug concentrations: 0.1 and 1 µM. However, there are 
limitations to using this approach, compounds with a very high (IC50˂˂0.1µM), or low 
potency (IC50 ˃˃1µM) may not be detected.
H1975 human non-small cell lung cancer adenocarcinoma cells were plated (300 cells/well) 
into 384 well plates using a Janus automatic liquid handler. 18 h later bioactive compounds 
(n=1902, 0.1 and 1 µM, L1700 library Selleck Chemicals) were added alone or in combination 
with VE822 (0.1 µM) using an Echo 555 liquid handler. On day 6 after treatment relative cell 
proliferation, either to DMSO (for treatments with bioactive compounds alone), or to VE822 
(for treatments with bioactive compounds and VE822), was measured 2h after addition of 
resazurin (12.5 µg/ml, Sigma-Aldrich; excitation 544 nm, emission 590 nm). Z-scores were 
calculated as an average of log10 relative proliferation ([compounds 
alone]/[compounds+VE822]). Cell proliferation in the presence of ATR inhibition alone was 
between 70-90% of DMSO control. The reproducibility (R2) between replicates was in a 0.8-
0.9 range. 

Proliferation and clonogenic assay

For the resazurin proliferation assay, cells were plated (H1975: 700; A549: 500; PC9: 300; 
DLD1: BRAC2+/+ 600; DLD1: BRAC2-/- 800 cells/well) in at least triplicate, into 96 well 
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plates. 18 h later bioactive compounds (adefovir dipivoxil, adefovir, cidofovir) were added 
alone or in combination with VE822, KU55933 or NU7441 inhibitor. On day 6 relative cell 
proliferation was measured, as described above.
For clonogenic survival assay H1975 cells were platted in triplicate into 6 well plates at the 
concentration: 200, 500 or 1000 cells/well, depending on the treatment. Cells were left to attach 
for 16 h, then were treated with adefovir dipivoxil alone or in combination with VE822. Cells 
were washed with PBS and medium was exchanged for drug-free medium at 2, 24 or 144 h 
and colonies were left to grow. After 2 weeks, when the size of colonies was ≥50 cells, they 
were stained with crystal violet and counted. Data were calculated as relative survival fraction 
to DMSO control.

Immunoblotting and antibodies used: 

Whole-cell extracts (WCE), obtained by using lysis buffer (50 mM Tris-HCl [pH 7.6], 137 mM 
NaCl, 0.1% Igepal, 0.1% SDS, 10% glycerol, 50mM NaF), supplemented with 1x protease and 
1mM Na3VO4 phosphatase inhibitors (Sigma-Aldrich) before use, were analyzed by SDS-
PAGE following standard procedures. The membranes were either scanned by the Odyssey®Sa 
Infrared Imaging System (LI-COR) or developed using Bio-Rad developing solution in 
conjunction with X-ray film (relevant for Cyclin F and E2F1).

Antibodies: γH2AX pSer139 monoclonal antibody (1:1000, clone JBW301, 05-636 EMD 
Millipore), RPA32 pSer4/Ser8 polyclonal antibody (1:1000, A300-245A, Bethyl 
Laboratories), CHK1 pS317 polyclonal antibody (1:1000, 2344, Cell Signaling Technology), 
CHK2 pT68 polyclonal antibody (1:1000, 2661, Cell Signaling Technology), ATM pSer1981 
monoclonal antibody (1:10000, clone EP1890Y, ab81292, Abcam), KAP-1 pSer824 
polyclonal antibody (1:2000, A300-767A, Bethyl Laboratories), PARP polyclonal antibody 
(1:2000, 9542, Cell Signaling Technology), Cyclin F polyclonal antibody (1:5000, A303-
406A, Bethyl Laboratories), Cyclin A monoclonal antibody (1:500, clone 6E6, ab16726, 
Abcam), E2F1 monoclonal antibody (1:1000, clone KH95, sc251, Santa Cruz), RRM2 
monoclonal antibody (1:1000, clone EPR11820, ab172476, Abcam), CDK2 pT14 monoclonal 
antibody (1:1000, clone EP2234Y, ab68265, Abcam), phospho-Histone H3 (Ser10) polyclonal 
antibody (1:1000, 06-570, EMD Millipore), PPIB polyclonal antibody (1:2000, ab16045, 
Abcam), BrdU (347580, BD Biosciences). Goat anti-rabbit IgG secondary antibody IRdye 
800CW (925-32211, LI-COR), or goat anti- mouse secondary antibody IgG IRdye 680RD 
(925-68070, LI-COR).

Immunostaining 

Cells were washed once with 1x PBS and incubated with 100% ice-cold methanol for 10 min, 
followed by three washes with PBS and incubation with ice cold 10% formalin for 10 min. 
Cells were then washed with PBS prior to blocking in PBS containing BSA 1%, normal goat 
serum (1%) and Triton X-100 (0.1%) for minimum of 1 h. Cells were incubated overnight 
(4°C) with primary antibodies to γH2AX (1:1500), and/or BrdU (1:200) diluted in PBS 
containing BSA and goat serum. The next day cells were washed three times with PBS and 
stained with the appropriate secondary antibodies conjugated to fluorophores (1:1200, Alexa 
Fluor488 [A11001] or Alexa Fluor657 [A21244], Thermo Fisher Scientific) in PBS containing 
BSA, goat serum and Hoechst (10µg/ml) for 1 h. After three washes with PBS cells were 
viewed and analysed using an INCell Analyzer 1000 automated epifluorescence microscope. 
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Images of 1000 nuclei per well were acquired and nuclear staining was analysed using INCell 
analysis software (GE Healthcare UK Ltd).
To visualize single-stranded DNA (ssDNA), cells were cultured in 10 µM BrdU for 24 h before 
treatment. To label the S phase population, cells were either pulse-labeled with 10 µM EdU for 
1 h prior to fixation, or pre-treated for 1 h with 10 µM EdU, followed by treatment for 6 or 24 
h and processed with the Click-iT EdU Alexa Fluor 488 Imaging Kit according to 
manufacturer’s instructions (C10338, Thermo Fisher Scientific).

Flow cytometry analysis

Exponentially growing H1975 cells were treated with adefovir dipivoxil, VE822 or a 
combination for 2, 4, 6 and 24 h. Prior to collection, cells were pulse labelled with 10 µM BrdU 
for 30 min, for the last 30 min of drug incubation. Medium as well as PBS washes were 
collected, and cells were trypsinised and fixed in ice-cold 70% ethanol. Cells were then re-
suspended in 2 M HCl with 0.5% Triton X-100 and incubated for 30 min at room temperature 
(RT). Subsequently, supernatant was re-suspended in 0.1 M sodium tetraborate. Cells were 
washed with PBS containing 1% BSA, and finally re-suspended in 1% BSA and 0.5% Tween20 
in PBS containing primary BrdU (1:50) and phospho-Histone H3 (Ser10) (1:100) antibody and 
incubated overnight at 4°C. Cells were washed with 1% BSA in PBS and re-suspended in 1% 
BSA and 0.5% Tween20 in PBS containing secondary antibody conjugated to Alexa488 
fluorophore for 1h at RT. Cells were then washed with 1% BSA, and re-suspended in PBS 
containing propidium iodide (PI, 10µg/ml) and RNaseA (10µg/ml), followed by incubation for 
minimum of 30 min at RT. DNA content and BrdU incorporation were measured using a FACS 
Calibur Flow Cytometer (BD Biosciences) and BD CellQuestTM Pro Software. Analysis of 
the data was carried out using the FlowJo software (Tree Star Inc.).

Statistical analysis:

Statistical analyses using one way Anova with Bonferroni test or two way Anova with Tukey’s 
multiple comparisons test were performed using GraphPad Prism version 8.0.1.
N=3 indicates three independent biological experiments, each performed at least in triplicates. 
P<0.1=*; P<0.01=**; P<0.001 =***.

Data Availability:

Data will be made available upon reasonable request.
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Results

 Adefovir dipivoxil together with an ATR inhibitor result in marked cytotoxicity 
towards tumour cells

To identify potential combination therapies, we treated H1975 human lung adenocarcinoma 
cells with a combination of 1902 bioactive compounds and an ATRi (VE822) for 6 days. 
Compounds previously reported to synergise with ATR inhibition were identified from the 
screen:  irinotecan 16 (topoisomerase I inhibitor), olaparib 27 (PARP1 inhibitor), and KU-60019 
28 (ATM inhibitor), thereby corroborating our screening approach. The screen also identified 
adefovir dipivoxil, as the most cytotoxic compound in combination with VE822 (Figure 1). 
Adefovir dipivoxil (Hepsera) is a prodrug of adefovir, a reverse transcriptase inhibitor and 
nucleoside analogue.  It is used in the clinic to treat patients with chronic hepatitis B (HBV) 22-

24. To determine whether the increased cytotoxicity of adefovir dipivoxil in the presence of 
VE822 extended to other cell lines, we treated H1975, A549, and PC9 with adefovir dipivoxil, 
or a combination of adefovir dipivoxil and VE822. Treatment with adefovir dipivoxil 
significantly reduced cell proliferation in all three cell lines, which was further decreased upon 
combination treatment with VE822 (Figure 2A-C). In order to confirm the effect of 
simultaneous adefovir dipivoxil treatment and ATR inhibition, we treated cells with another 
potent and selective ATR inhibitor- VE821 16. The results were consistent with the proliferation 
data seen with VE822 (Figure S1A). Reduction in proliferation was not observed when H1975 
cells were treated with adefovir dipivoxil and an ATM inhibitor (KU55933) and was modest 
upon a combination treatment with a DNA-PKcs inhibitor (NU7441) (Figure S1B), indicating 
a specific synergy between adefovir dipivoxil and ATR inhibition. BRCA2 (breast cancer type 
2) - deficient cells were also more sensitive to the treatment with adefovir dipivoxil, suggesting 
an involvement of homologous recombination (HR) pathway (Figure S1C). Treatment with 
adefovir (the mature form of  adefovir dipivoxil), or cidofovir, another nucleoside analogue 
reverse transcriptase inhibitor29, did not result in reduction of cell proliferation (Figure S1D,E), 
which was expected since these compounds inefficiently enter into cells 23, 24. Modest reduction 
of proliferation was observed when NBE1 (normal bronchial epithelium 1) cells were treated 
with a combination of adefovir dipivoxil and VE822 (Figure S1F). This is not unexpected as 
NBE1 is a highly proliferative cell line, and therefore sensitive to inhibition of DNA synthesis. 
However, the impact of combined adefovir dipivoxil treatment and ATR inhibition appears 
much less than that of tumour cell lines.
To determine whether treatment with adefovir dipivoxil alone, or in combination with VE822, 
not only results in reduction of proliferation but also in decreased cell survival, colony 
formation assays were performed. The combination effect was most pronounced after 24 or 
144 h of treatment, compared to DMSO control, whereas 2 h of treatment showed only a 
marginal reduction of viability (Figure 2D). Prolonged adefovir dipivoxil treatment, combined 
with VE822, was more effective in decreasing cell survival than treatment with adefovir 
dipivoxil alone (Figure 2D, Figure S1G). This is consistent with the proliferation data (Figure 
2A-C) and suggests enhanced cytotoxicity. 
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Adefovir dipivoxil treatment attenuates DNA synthesis and induces DNA 
replication stress

To further investigate the combination of adefovir dipivoxil and VE822 treatment, we 
examined effects on cell cycle by PI staining and BrdU-pulse labelling (Figure 3A; Figure 
S2A). In cells treated for 24 h, the proportion of replicating S-phase cells (BrdU positive) was 
reduced from ~30% after DMSO or VE822 treatment to ~14% (adefovir dipivoxil treatment) 
or 6% (combined adefovir dipivoxil and VE822 treatment). Consequently, the proportion of 
non-replicating S-phase cells 30 increased from ~5% in controls to ~20 and 25 % in adefovir 
dipivoxil alone, or adefovir dipivoxil and VE822 treatment, respectively (Figure 3A,B). 
Therefore, these data suggest that adefovir dipivoxil is involved in attenuation of DNA 
synthesis. To research this further, we treated cells with adefovir dipivoxil, VE822 or a 
combination for 6 or 24 h, labelled them with EdU and examined the cells by 
immunofluorescence (Figure 3C). Adefovir dipivoxil alone, or in combination with VE822, 
significantly reduced the percentage of EdU positive cells compared to DMSO, or VE822 
treated controls. These results are consistent with the decrease in BrdU positive cells at 24 h, 
as shown by flow cytometry data. 
Next, we treated cells with adefovir dipivoxil alone, or in combination with VE822 for 24 h, 
and looked for activation of ATR/ATM signalling and evidence of replication stress.  
Treatment with adefovir dipivoxil resulted in activation of ATR signalling, shown by an 
increase in phospho-CHK1 levels 6. Activation of the ATR pathway was associated with 
downregulation of cyclin F, inactivation of cyclin dependent kinase 2 (CDK2) (manifested by 
its phosphorylation 31), and increased levels of ribonucleotide reductase regulatory subunit M2 
(RRM2) 32. In contrast, adefovir dipivoxil and VE822 combination treatment resulted in 
decreased levels of cyclin F, phospho-CDK2 and RRM2, as well as upregulation of phospho- 
replication protein A (RPA), a replication stress marker 33, and γH2AX, a DNA damage marker 
34 (Figure 3D).  This is in line with published data, which has shown that CDK2 inhibitory 
phosphorylation is required for recovery from replication stress 35. Moreover, adefovir 
dipivoxil treatment only marginally increased phospho-KAP1, indicating a low level of ATM 
signalling. However, strong activation of ATM signalling, shown by phospho-ATM, phospho-
KAP1 and phospho-CHK2 36, 37, was observed in the combination treatments, suggesting DSB 
formation 16 (Figure 3D). Analogous biological effects were also seen when cells were treated 
with a 10x lower concentration of VE822 (0.1 µM, used in the drug screen, Figure 1), although 
the effects were not as marked (Figure S2 B,C). Incomplete suppression of phospho-CHK1 in 
samples treated with 0.1 µM VE822 suggested only partial inhibition of ATR kinase activity 
at the lower concentration (Figure S2B).  This indicates that higher concentrations of VE822 
are required for more complete inhibition of ATR and activation of ATM signalling.
An apoptotic signal shown by cleaved PARP 38 was also observed after combination treatment 
(Figure 3D).  Additionally, adefovir dipivoxil prevented cells from progressing into mitosis, as 
shown by a low proportion of phospho-Histone H3 positive cells (Figure 3E).  These data are 
consistent with adefovir dipivoxil treated cells accumulating in non-replicating S-phase (Figure 
3A,B). Addition of VE822 resulted in pre-mature entry into mitosis 16, 39, compared to DMSO 
control. However, combination treatment (adefovir dipivoxil and VE822) did not result in a 
higher proportion of phospho-Histone H3 positive cells, compared to adefovir dipivoxil alone 
(Figure 3E). These data suggest that adefovir dipivoxil stalls cells in S phase thereby blocking 
cell cycle progression and subsequent mitotic entry.
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ATR inhibition selectively kills cells under high replication stress 

To explore the role of adefovir dipivoxil in the induction of DNA replication stress, we 
investigated whether there were any similarities between adefovir dipivoxil and hydroxyurea 
(HU), an inhibitor of ribonucleotide reductase 40, 41. We compared cell cycle profiles after 
treatment with adefovir dipivoxil, HU or a combination of either drug with VE822. In both 
cases, 6 h of treatment reduced the proportion of BrdU positive cells, while 24 h of treatment 
completely abolished BrdU incorporation and increased the proportion of non-replicating S-
phase cells compared to DMSO or VE822 control (Figure 4A,B; Figure S2E). In contrast, BrdU 
incorporation was unaffected by the exposure of cells to adefovir (the mature form of adefovir 
dipivoxil with poor cell penetration) (Figure 4C). To confirm activation of ATR signalling, we 
treated cells with adefovir dipivoxil, HU or gemcitabine (an analogue of deoxycytidine 42) for 
24 h (Figure 4D). Indeed, we observed increased phospho-CHK1 in cells treated with each of 
the drugs, which correlated with downregulation of cyclin F, CDK2 inactivation, as well as 
RRM2 and E2F1 upregulation. Consistent with published data, simultaneous drug treatment 
and ATR inhibition resulted in decreased levels of the above proteins 14 (Figure 4D, Figure 
S2F). Additionally, increased levels of cyclin A in cells treated with adefovir dipivoxil alone, 
or in combination with VE822, provide increased evidence for S-phase stalling, as suggested 
by flow cytometry analysis (Figure 3A). 
To corroborate adefovir dipivoxil and VE822 combination treatment resulting in increased 
γH2AX protein levels (Figure 3D and 4D), we investigated γH2AX focus formation 43. 
Exposure of cells to adefovir dipivoxil and ATR inhibition resulted in increased number of 
γH2AX foci compared to control, but not to the adefovir dipivoxil treatment alone (Figure 
S3A), however marked differences were observed in the numbers of pan-nuclear γH2AX 
positive cells. A large proportion of cells (~40%) was pan-nuclear γH2AX positive after 24 h 
of adefovir dipivoxil and VE822 combination treatment (Figure S3B). Similarly, exposure to 
HU or gemcitabine, induced pan-nuclear γH2AX positive cells (Figure S3C). In contrast, as 
expected, treatment with mature drug, adefovir, did not result in pan-nuclear γH2AX 
formation. Pan-nuclear γH2AX, specifically located in S-phase cells, has been described as a 
common feature of replication catastrophe-associated DNA damage, caused by RPA 
exhaustion 44. To test whether we could observe this phenotype, we labelled cells with EdU 1 
h prior to treatment with adefovir dipivoxil alone, or a combination with VE822 (Figure 5). 
Exposure of cells to adefovir dipivoxil and ATR inhibition for 6 h resulted in approximately 
20 % pan-nuclear γH2AX positive cells, almost entirely located in S-phase. The 24 h 
combination treatment showed 50 % pan-nuclear γH2AX positive cells, however the 
percentage of EdU positive cells did not change compared to the 6 h time point. This could be 
due to a proportion of cells entering S-phase post EdU labelling and therefore remaining EdU 
negative (Figure 5A-C). Consistent with an increase in pan-nuclear γH2AX positive cells, 
following adefovir dipivoxil and VE822 treatment, we observed increased levels of ssDNA, 
shown as BrdU labelled DNA (Figure 5D,E). These data are consistent with elevated levels of 
ssDNA observed after treatment with HU or gemcitabine 14, and strongly suggest that adefovir 
dipivoxil induces DNA replication stress. 
Our results indicate that adefovir dipivoxil in combination treatment with ATRi leads to 
enhanced cytotoxicity towards cancer cells, compared to non-malignant cells, and may lead to 
replication catastrophe.  In addition, our data may provide additional support for the concept 
that ATR inhibition selectively kills cells under high replication stress 1, 14.  Figure 5F illustrates 
a proposed mechanism of adefovir dipivoxil cytotoxicity in combination with ATR inhibition.
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Discussion

Cells experience naturally occurring DNA damage throughout the cell cycle 2. Replication 
stress, a complex phenomenon, featuring stalled replication forks with regions of ssDNA, is a 
type of DNA damage that can lead to DSBs 45. ATR signalling, one of the DDR pathways, 
mediates replication stress response by stabilising stalled replication forks, counteracting new 
origin firing, and leading to cell cycle delays, thereby preventing genome instability 5, 6. 
Replication stress, is a known feature of cancer cells, making ATR inhibition of great interest 
for cancer treatment 16. VE822, currently in phase I clinical trials (ClinicalTrials.gov: 
NCT02157792), is a highly specific ATR inhibitor, which sensitises cancer cells, but not 
normal cells, to DNA damaging drugs, like gemcitabine, or irinotecan 15, 16. Due to emergence 
of resistance to DDR inhibitors, used in clinic for anti-cancer chemotherapies 17-20, combination 
treatments are favourable to provide sustained cancer growth inhibition 21.
We performed a small molecule drug screen with VE822 to find a combination drug that has 
increased cytotoxicity in the presence of ATR inhibition.  Adefovir dipivoxil was identified as 
a compound that has the greatest combination effect with VE822. It is a di-ester prodrug, 
rapidly converted inside the cell into adefovir 23, an analogue of adenosine monophosphate. 
Adefovir requires phosphorylation to become an active metabolite - adefovir diphosphate, 
which inhibits reverse transcriptase, leading to DNA chain termination and inhibition of viral 
replication 24. Adefovir dipivoxil (Hepsera) is used in the clinic to treat patients with chronic 
hepatitis B (HBV) 24 22. 
Adefovir dipivoxil’s increased cytotoxicity in the presence of VE822 was very apparent in all 
3 tested cell lines. The combination treatment with adefovir dipivoxil and VE822 significantly 
reduced proliferation of the H1975, A549, and PC9 cell lines, compared to adefovir dipivoxil 
alone. Moreover, adefovir dipivoxil and VE822 combination treatment (24 and 144 h) was 
more effective in inducing cell death than treatment with adefovir dipivoxil alone, as shown by 
the colony formation assay. Proliferation assays demonstrated that this enhancement was not 
present with adefovir dipivoxil and ATM inhibition, and was modest with adefovir dipivoxil 
and DNA-PKcs inhibition. Thus, our results indicate a highly selective effect of adefovir 
dipivoxil and ATR inhibition. 
In addition, exposure of cells to adefovir dipivoxil, or adefovir dipivoxil and VE822 
combination (24 h), inhibited DNA synthesis and increased the number of non-replicating S-
phase cells 30. The combined treatment with adefovir dipivoxil and VE822 was more effective 
in inhibiting BrdU incorporation then adefovir dipivoxil alone. This significant S-phase stalling 
in cells treated with adefovir dipivoxil alone, or together with VE822, was confirmed by EdU 
labelling. Consistent with these data, low level of phospho-HH3 protein was observed after 
treatment with adefovir dipivoxil, indicating delayed progression into mitosis. Phospho-HH3 
remained low despite simultaneous ATR inhibition, which can cause pre-mature entry into 
mitosis 16, 39. 
We observed that adefovir dipivoxil treatment activated ATR signalling, which correlated with 
downregulation of cyclin F, CDK2 inactivation and accumulation of RRM2. This result is 
consistent with published data, where upon genotoxic stress, cyclin F is downregulated to allow 
RRM2 accumulation in an ATR-dependant manner 32. However, adefovir dipivoxil and VE822 
combination treatment resulted in decreased levels of cyclin F and RRM2 expression, 
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suggesting that there is no direct link between these two proteins. Moreover, our results showed 
that inhibition of ATR-CHK1 signalling leads to downregulation of RRM2 and E2F. 
This is in line with published data, where authors suggested correlation between ATR 
inhibition and low levels of RRM2, and speculated that ATR might play a significant role in 
promoting synthesis of dNTPs 14. Our results, showing activation of ATR signalling after HU 
or gemcitabine treatment (both associated with imbalance of dNTPs), support this speculation. 
Therefore, our data suggest that simultaneous adefovir dipivoxil treatment and ATR inhibition, 
creates an imbalance between demand for, and availability of dNTPs, resulting in increased 
replication stress. Exposure to replication stress inducers (24 h), caused activation of ATM 
signalling and γH2AX accumulation, strongly indicating presence of irreparable DSBs, 
possibly due to collapsed replication forks 32, 35, 46, 47. Importantly, the differences observed 
between adefovir dipivoxil single treatment, and combination treatment with VE822 are not 
solely due to changes in cell cycle, as both treatments arrested cells in non-replicating S-phase. 
Due to large numbers of early replication origins, elevated levels of ssDNA, and high demand 
for dNTPs, ATR is essential in early S-phase, as well as during replication stress 14, 48. We have 
shown that adefovir dipivoxil, similar to HU treatment, stalls cells in S-phase. Cells stalled in 
S-phase, harbouring elevated levels of DNA damage could be subject to replication catastrophe 
44. Characteristics of replication catastrophe, believed to be caused by RPA exhaustion, include 
pan-nuclear γH2AX, specifically in S-phase cells, as well as accumulation of ssDNA 1, 44. Our 
results have shown that simultaneous S-phase stalling, induced by adefovir dipivoxil, and ATR 
inhibition, caused significant increase in pan-nuclear γH2AX positive cells, almost entirely 
located in S-phase. Moreover, this result corresponded to marked induction of ssDNA 
accumulation, caused by the combination treatment, pointing towards replication catastrophe 
as a possible mechanism of cell death, and suggesting that ATRi selectively kills cells under 
high replication stress. Interestingly, we also found that cells harbouring deficiency in the HR 
pathway (BRCA2-deficient cells) are more sensitive to adefovir dipivoxil than HR-proficient 
cells (BRCA2-proficient cells), suggesting that adefovir dipivoxil associated cytotoxic lesions 
are resolved in an HR dependent manner 49. 
Taken together our data support a model where adefovir dipivoxil induced inhibition of DNA 
synthesis in the presence of marked ATR inhibition leads to collapsed replication forks, 
subsequent ATM activation and cell death.  Notably, the effects of lower concentrations of 
VE822 and adefovir dipivoxil appear predominantly anti-proliferative rather than cytotoxic. 
This suggests that the mechanism of the combined effects of these two drugs has a significant 
concentration-dependency, with cytotoxicity dominating at the higher dose levels, where our 
proposed model may be most relevant.  
Similarities between adefovir dipivoxil, HU and gemcitabine suggest that imbalance in dNTP 
pools may be a mechanism underlying the interaction between adefovir dipivoxil and ATR 
inhibition. Our results are also consistent with published data, showing that in the event of 
replication stress, inhibition of ATR relieves the suppression of ssDNA accumulation, leading 
to DNA damage, ATM recruitment and replication catastrophe 1, 50. Moreover, our data adds 
to   growing evidence that targeting cells under high DNA replication stress can increase 
tumour cell killing by ATR inhibition 1, 14, 32.  Finally, we demonstrate that repurposing adefovir 
dipivoxil, as a replication stress inducer, enhances the cytotoxic effect of ATR inhibition, 
which may have clinical implications.

Authors declare no conflict of interest.
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Figure 1. Compound screen. 
Average Z score for H1975 cell line treated with a combination of 1902 compounds (1 µM) and VE822 

(0.1µM), ranked from most to least synergistic. Cell viability was assessed on day 6 post treatment using 
resazurin. Compound effect was calculated relative to either DMSO (treatment with compounds alone) or 

relative to VE822 (treatment with compounds and VE822). Z-scores were calculated as an average of log10 
relative proliferation ([compounds alone]/[compounds+VE822]) The table shows the top 10 hits, ranked 

from the highest to the lowest Z-score. The complete list is shown in Table S1. 
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Figure 2. Adefovir dipivoxil, in combination with VE822, has increased cytotoxicity in human non-small cell 
lung cancer cell lines.

H1975 (A), A549 (B), PC9 (C) cell lines were treated with 0.03 – 30 µM adefovir dipivoxil or a combination 
of adefovir dipivoxil and VE822 for 6 days. On day 6 a resazurin proliferation assay was performed. The 
graphs show cell proliferation relative to DMSO (cells treated with adefovir dipivoxil alone), or relative to 

VE822 alone (cells treated with a combination of adefovir dipivoxil and VE822). The relative cell proliferation 
of VE822 (0.1 µM) alone was 0.75, 1, and 0.7 in H1975 (A), A549 (B), PC9 (C), respectively. IC50 values for 
adefovir dipivoxil and adefovir dipivoxil + 0.1 µM VE822 respectively: (A) 2.68 µM, 0.46 µM; (B) 11.84 µM, 
2.44 µM; (C) 1.77 µM, 0.16 µM. D: Combination of adefovir dipivoxil and VE822 reduces clonogenic survival 

after 24 and 144 h of treatment. H1975 cells were treated with adefovir dipivoxil alone or in combination 
with VE822 for 2, 24 or 144 h. Medium was then changed and colonies were left to grow for 2 weeks. Data 
points are normalised to DMSO control and are expressed as means ± SEM; P<0.01=**; P<0.001 =***.
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Figure 3. Treatment with adefovir dipivoxil and VE822 attenuates DNA synthesis and induces replication 
stress. 

A: H1975 cells were treated with adefovir dipivoxil, VE822, or a combination for 2, 4, 6 or 24 h. Prior to 
collection, cells were pulse labelled with 10 µM BrdU for the last 30 min of drug incubation, they were then 
fixed and stained with PI and anti-BrdU antibody for flow cytometry analysis. The three lower gates in each 
chart represent unlabelled cell populations in (from left to right): G1-, S and G2/M-phase of the cell cycle. 

The upper gates represent (from left to right): early-S-, intra-S- and late-S- /early G2-phase cell 
populations. DMSO was used as a control for the treatment. B: The table shows the total number of BrdU 

positive cells as well as the number of non-replicating S-phase cells at different time points upon treatment 
with adefovir dipivoxil, VE822, or a combination. C: H1975 cells were treated with stated concentrations of 

adefovir dipivoxil alone or in combination with VE822 for 6 or 24 h. Prior to collection cells, were pulse 
labelled with 10 µM EdU for 1h and fixed; The Figure shows percentage of EdU positive cells after treatment. 
Data points are expressed as means ± SEM; P<0.1=*. D: Cells were treated with stated concentrations of 
adefovir dipivoxil, adefovir alone or a combination with VE822 for 24 h. PPIB was used as a loading control 
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(only one representative loading control is shown) and DMSO was used as a biological control. E: H1975 
cells were treated with adefovir dipivoxil, VE822, or a combination for 2, 4, 6 or 24 h, they were then fixed 

and stained with anti- phospho-Histone H3 (Ser10) antibody for flow cytometry analysis; docetaxel was 
used as a positive control. 
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Figure 4. Similarities in cell cycle distribution and ATR activation between adefovir dipivoxil, HU and 
gemcitabine treatment. 

H1975 cells were treated with adefovir dipivoxil, HU or adefovir alone, or in combination with VE822 for 6 
(A) or 24 h (B,C). Prior to collection, cells were pulse labelled with 10 µM BrdU for the last 30 min of drug 

incubation, they were then fixed and stained with PI and anti-BrdU antibody for flow cytometry analysis. The 
three lower gates represent unlabelled cell populations in (from left to right): G1-, S and G2/M-phase of the 
cell cycle. The upper gates represent (from left to right): early-S-, intra-S- and late-S- /early G2-phase cell 

populations. DMSO was used as a treatment control. D: Cells were treated with stated concentrations of 
adefovir dipivoxil, HU or gemcitabine alone or in combination with VE822 for 24 h. PPIB was used as a 

loading control and DMSO was used as a biological control. 
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Figure 5. Adefovir dipivoxil and VE822 treatment induces pan-nuclear yH2AX expression, and increases 
ssDNA accumulation.

A, B: Percentage of total pan-nuclear yH2AX; H1975 cells were pulse labelled with 10 µM EdU for 1 h, 
washed and treated with adefovir dipivoxil alone or in combination with VE822 for 6 (A) or 24 h (B). Cells 

were then fixed and stained for yH2AX (‘EdU-’+ ‘EdU+’= total pan-nuclear yH2AX). C: Representative 
images of cells treated with DMSO or adefovir dipivoxil + VE822 for 24 h (EdU positive cells in red, pan-
nuclear yH2AX positive cells in green); ‘EdU+’ cells positive for pan-nuclear yH2AX and EdU; ‘EdU-’ cells 
positive for pan-nuclear yH2AX and negative for EdU. D: Percentage of BrdU positive cells (≥1 foci/ cell); 

H1975 cells were cultured in 10 µM BrdU for 24 h prior to treatment with indicated drugs for 6 or 24 h. Cells 
were then fixed and ssDNA was detected using a BrdU antibody. E: Representative images of BrdU staining 

after 24 h treatment with indicated drugs. Data points are expressed as means ± SEM; P<0.1=*; 
P<0.01=**; P<0.001 =***. F: Proposed mechanism of adefovir dipivoxil cytotoxicity in combination with 

ATR inhibition. Adefovir dipivoxil induces inhibition of DNA synthesis, leading to replication stress, and 
extended stretches of ssDNA, coated by RPA. ATR-interacting protein (ATRIP) recognises RPA-coated ssDNA 
and recruits ATR. Once ATR signalling is activated, it leads to G2/M checkpoint activation and stabilisation of 
stalled replication forks. Inhibition of ATR (here by VE822) can result in DSBs accumulation, due to collapsed 

replication forks, activation of ATM signalling, and cell death.
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