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ABSTRACT
Reduction in nucleotide pools through the inhibition of mitochondrial enzyme 

dihydroorotate dehydrogenase (DHODH) has been demonstrated to effectively reduce 
cancer cell proliferation and tumour growth. The current study sought to investigate 
whether this antiproliferative effect could be enhanced by combining Chk1 kinase 
inhibition. The pharmacological activity of DHODH inhibitor teriflunomide was more 
selective towards transformed mouse embryonic fibroblasts than their primary or 
immortalised counterparts, and this effect was amplified when cells were subsequently 
exposed to PF477736 Chk1 inhibitor. Flow cytometry analyses revealed substantial 
accumulations of cells in S and G2/M phases, followed by increased cytotoxicity 
which was characterised by caspase 3-dependent induction of cell death. Associating 
PF477736 with teriflunomide also significantly sensitised SUM159 and HCC1937 
human triple negative breast cancer cell lines to dihydroorotate dehydrogenase 
inhibition. The main characteristic of this effect was the sustained accumulation 
of teriflunomide-induced DNA damage as cells displayed increased phospho serine 
139 H2AX (γH2AX) levels and concentration-dependent phosphorylation of Chk1 on 
serine 345 upon exposure to the combination as compared with either inhibitor alone. 
Importantly a similar significant increase in cell death was observed upon dual siRNA 
mediated depletion of Chk1 and DHODH in both murine and human cancer cell models. 
Altogether these results suggest that combining DHODH and Chk1 inhibitions may be a 
strategy worth considering as a potential alternative to conventional chemotherapies.

                                                     Research Paper
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INTRODUCTION

Dihydroorotate dehydrogenase (EC 1.3.5.2; 
DHODH) is the one mitochondrial enzyme that is located 
on the outer surface of the inner membrane and takes part 
in the fourth and rate-limiting step of de novo pyrimidine 
biosynthesis [1]. It converts dihydroorotic acid to orotic 
acid whilst reducing ubiquinone to ubiquinol which 
makes DHODH a link between pyrimidine synthesis and 
respiratory electron transport chain. 

DHODH has emerged as a new therapeutic target 
in a wide spectrum of pathologies as de novo pyrimidine 
synthesis is extensively used in rapidly proliferating 
human or parasitic cells. Much effort has been devoted to 
designing new inhibitors in order to overcome widespread 
resistance to current antimalarial drugs [2–5] inasmuch 
as Plasmodium proliferation relies exclusively on this 
pathway [6]. Series of original compounds were also 
synthesised as part of a program aiming at identifying 
new antivirals [7–11] and a new compound is currently in 
clinical development for the treatment of fungal infection 
[12]. The immunosuppressant leflunomide has been 
prescribed for the treatment of inflammatory response 
associated with rheumatoid arthritis [13–16] and the 
immunomodulatory properties of its active metabolite 
teriflunomide (TFN; Supplementary Figure 1) led to its 
recent approval for the treatment of relapsing-remitting 
multiple sclerosis [17–19]. DHODH inhibition also 
effectively slowed down cancer cell and tumour growth 
of diverse tissue origins [20–25].

These inhibitors reduce dNTP pools available for 
DNA replication. Limiting precursors of DNA synthesis 
has been reported as a source of genetic instability [26–
28] and reduced processivity of enzymes at replication 
forks or replication fork stalling [29, 30]. In order to 
prevent genetic instability, cells trigger a signalling 
pathway in which Chk1 effector kinase plays a crucial 
role through the activation of checkpoints in response 
to replication or genotoxic stress [31–33]. A wide array 
of chemotherapeutic drugs have been combined with 
Chk1 inhibitors in order to optimise treatment through 
the abrogation of checkpoints controlled by this kinase 
and allow accumulation of DNA damage that would 
jeopardize genome stability or induce cell death in a p53-
compromised background [34]. Interestingly, our recent 
data [35] showed that upon knockout of E4F1 transcription 
factor transformed cells elicited major mitochondrial 
dysfunctions including a drastic reduction in levels of 
orotic acid and downstream pyrimidine intermediates. 
Furthermore E4F1 also controls the expression of Chk1 
gene, which results in a strong down-regulation of Chk1 
protein expression and kinase activity in E4F1KO cells. 
We also observed that this combined down-regulation of 
mitochondrial and checkpoint activities strongly impacts 
on transformed cell survival, highlighting the potential 
interest of mimicking the deadly environment of E4F1KO 

cells by combining mitochondrial and checkpoint 
inhibitors.

This encouraged us to examine the association of 
Chk1 and de novo pyrimidine synthesis inhibitions as a 
new option to kill p53-deficient cancer cells. 

RESULTS

Pharmacological activity of DHODH inhibitors 
in transformed mouse embryonic fibroblasts

The antiproliferative effect of DHODH inhibitor 
teriflunomide (TFN) was determined in primary, p53KO 
and p53KO mouse embryonic fibroblasts transformed by 
HaRasV12 derived from the same embryo [35] (Figure 1A). 
While a 24-hour exposure to TFN had a limited effect 
on primary and immortalised cells, it strongly reduced 
proliferation (monitored three doubling times after the end 
of this exposure) of transformed cells in a concentration-
dependent manner (p < 0.01). This differential effect 
was also observed when these cell populations were 
exposed to another DHODH inhibitor, IPP-A017-A04 
(Supplementary Figure 1; [10]), and the antiproliferative 
effect of both compounds was partly reversed by 
concomitant exposure to 50 µg/ml uridine (Supplementary 
Figure 2). To characterise this antiproliferative effect 
transformed MEFs were then exposed to TFN and 
cell cycle distribution was assessed for up to 48 hours 
(Figure 1B). Exposure to a high TFN concentration (IC90) 
induced a significant S phase accumulation at 24 hours 
followed with the appearance of a sub-G1 population at 
48 hours. At lower concentrations such as IC50 and IC70 
these effects were barely detectable at these time points. 

Pharmacological activity of Chk1 inhibitor 
PF477736 in combination with DHODH 
inhibition in primary, immortalised and 
transformed mouse embryonic fibroblasts 

Primary, immortalised and transformed MEFs 
were also exposed to increasing concentrations of Chk1 
inhibitor PF477736 (Supplementary Figure 1). Consistent 
with previous observations in human cancer cells [34], the 
antiproliferative effect of this compound was also more 
prominent in transformed MEFs than in their immortalised 
or primary counterparts (Figure 2A). These transformed 
fibroblasts were then exposed to ranging (IC10, IC50 
and IC90) concentrations of PF477736 and cell cycle 
distribution was assessed at the 48-hour time point 
(Figure 2B). Profiles were indicative of a concentration-
dependent cell cycle accumulation in S and G2/M phases 
along with the appearance, at the highest PF477736 
concentrations, of hyperploid and sub-G1 cells. Of note 
these effects were undetectable upon exposure to IC10 
PF477736. The same PF477736 concentration was then 
combined with ranging TFN concentrations to assess 
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potentiation (Figure 3A). A moderate but significant 
potentiation effect was detected in immortalised and 
transformed cells (n = 3 independent experiments) 
suggesting that as little as IC10 PF477736 sensitised these 
cell models to DHODH inhibitors. Accordingly a similar 
potentiation effect of IC10 PF477736 occurred when 
combined with IPP-A017-A04 (Figure 3B). 

In transformed cells this potentiation effect was 
significant (p = 0.0328) when IC10 PF477736 was 
combined with 10 µM TFN (IC70) (Figure 3A). Cell 
cycle distribution was therefore monitored at these 
optimal concentrations for up to 48 hours (Figure 4). Cells 
exposed to this combination already accumulated in S 
phase 8 hours after the beginning of the time course. At 
24 hours they further accumulated in S as well as G2/M. 
At this time point a substantial hyperploid population 
was also detectable. Finally, at a later time point (48 h), 
sub-G1 cells were clearly detected upon exposure to 
this TFN + PF477736 combination. Importantly, neither 

cell cycle perturbation nor cell death was observed with 
either inhibitor alone. A similar trend was noticed in cells 
exposed to the IPP-A017-A04 + PF477736 combination 
(Supplementary Figure 3). 

DNA damage signalling in response to DHODH 
and Chk1 inhibitors in transformed mouse 
embryonic fibroblasts

Nucleotide depletion is a major cause of replication 
stress and DNA damage. Cells cope with these insults by 
triggering a protective signalling pathway that involves 
Chk1 kinase activation by phosphorylation. Thus the 
combination of antimetabolites such as gemcitabine and 
Chk1 inhibitors was reported to induce DNA double 
strand breaks [36]. We therefore hypothesized that 
cells exposed to DHODH and Chk1 inhibitors would 
accumulate DNA damage as monitored by the presence of 
γH2AX staining (H2AX phosphorylation on serine 139) 

Figure 1: Selective pharmacological activity of teriflunomide in transformed mouse embryonic fibroblasts. (A) Primary, 
immortalised and transformed MEFs were exposed to increasing concentrations of TFN or IPP-A017-A04 for 24 hours and grown in 
drug-free medium for three doubling times. Mean ± SD, n = 3 independent experiments. (B) Representative flow cytometry analysis 
of cell cycle distribution in populations of transformed MEFs collected at 8, 24 and 48 hours after the beginning of the exposure to 
ranging concentrations of TFN (IC50 = 8 µM ; IC70 = 10 µM ; IC90 = 25 µM) or 5 mM hydroxyurea (HU). *p < 0.05, **p < 0.01 when 
transformed mouse embryonic fibroblasts were compared with primary MEFs and ‡:p < 0.05 when transformed MEFs were compared with 
immortalised MEFs (as determined by two-tailed unpaired t-test).
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and ATR-dependent phosphorylation of Chk1 on serine 
345. Gamma H2AX staining and Chk1 phosphorylation 
were indeed reported as pharmacodynamic markers of 
chemopotentiation and Chk1 inhibition in combinations 
of genotoxic drugs and Chk1 inhibitors [37]. 

While the amount and intensity of γH2AX foci 
were limited in transformed cells exposed to IC70 TFN or 
IC10 PF477736 alone, cell exposure to the combination 
of these inhibitors resulted in a significant increase in 
γH2AX staining (Figure 5A), indicative of substantial 
DNA damage. Consistently the phosphorylation of Chk1 
on serine 345 was also strongly stimulated in these TFN 
+ PF477736-treated cells (Figure 5B) whereas it was 

undetectable in cells exposed to either inhibitor alone. 
Similar results were obtained when cells were exposed to a 
combination involving IPP-A017-A04 DHODH inhibitor. 
Interestingly, the intensity of Chk1 phosphorylation on 
serine 345 in the presence of PF477736 was dependent 
on TFN concentration (Figure 5B, lower panel). This 
suggested that Chk1 phosphorylation on serine 345, 
which is a hallmark of Chk1 activation, could be used as a 
quantitative marker of DHODH inhibition in this setting. 

Of note DNA damage is also known to stimulate 
Chk2 phosphorylation [38] as exemplified here by 
exposure of transformed MEFs to camptothecin (CPT) 
used as a positive control (Supplementary Figure 4). 

Figure 2: Selective pharmacological activity of PF477736 in transformed mouse embryonic fibroblasts. (A) Primary, 
immortalised and transformed MEFs were exposed to increasing concentrations of PF477736 for 24 hours and grown in drug-free medium 
for three doubling times. Mean ± SD, n = 3 independent experiments. (B) Transformed MEFs were exposed to ranging concentrations of 
PF477736 (IC10 = 0.7 µM ; IC50 = 1.45 µM ; IC90 = 10 µM) for 24 hours and grown in drug-free medium. Representative flow cytometry 
analysis of cell cycle distribution performed 48 hours after the beginning of the exposure. *p < 0.05, ***p < 0.001 when transformed mouse 
embryonic fibroblasts were compared with primary MEFs and ‡:p < 0.05 when transformed MEFs were compared with immortalised MEFs 
(as determined by two-tailed unpaired t-test).
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Accordingly Chk2 phosphorylation was detected in lysates 
prepared from cells exposed to DHODH + Chk1 inhibitors.

Cell death in transformed mouse embryonic 
fibroblasts exposed to the combination of 
DHODH and Chk1 inhibitors 

The induction of massive DNA damage suggested 
by γH2AX staining and Chk1/Chk2 phosphorylation 
prompted us to assess cell fate in response to these 

compounds and their combination. In order to assess 
cell death, annexin V/7-AAD staining was performed 
in cell populations that were collected 48 hours after 
the beginning of the time course. Dot plots (Figure 6A) 
showed a larger population of annexin V-positive/7-
AAD-positive cells upon exposure to the combination 
as compared with matched controls or each individual 
inhibitor. These annexin V/7-AAD profiles were 
indicative of both apoptosis and necrosis. Upon 
quantification (Figure 6B), this increase in mortality was 

Figure 3: The combination of teriflunomide and PF477736 results in increased antiproliferative effect in transformed 
mouse embryonic fibroblasts. Primary, immortalised or transformed mouse embryonic fibroblasts were exposed for 24 hours to 
increasing concentrations of teriflunomide ± transformed MEF IC10 PF477736 (0.7 µM) (which was added 30 minutes after the beginning 
of exposure to TFN) (A) or IPP-A017-A04 ± transformed MEF IC10 PF477736 (B), and grown in drug-free medium for three doubling 
times. Mean ± SD, n = 3 independent experiments. *p < 0.05, **p < 0.01 as determined by two-tailed unpaired t-test. 
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highly significant (p = 0.0002 as compared with TFN;   
p = 0.0089 as compared with PF477736 and p = 0.0245 as 
compared with camptothecin).  Again a similar trend was 
noticed upon exposure to the IPP-A017-A04 + PF477736 
combination as compared with single compounds or 
matched controls (Supplementary Figure 5). 

In order to confirm that exposure to Chk1 and 
DHODH inhibitors results in similar phenotypic changes 
as the ones that occur upon loss of Chk1 and DHODH 
functions, transformed mouse embryonic fibroblasts were 
transfected with siRNA for Chk1 and DHODH and protein 
depletion was assessed using western blotting at 48 hours 
(Supplementary Figure 6A). Flow cytometry analysis 
showed a significant induction of cell death upon dual 
siRNA knockdown as compared with single depletions 
or control siRNA (Supplementary Figure 6B). These 
results suggested that the effects that were observed upon 

PF477736 and TFN exposure were representative of Chk1 
and DHODH inhibitions respectively.

Phenotypic effect of the combination of DHODH 
and Chk1 inhibitors in triple negative breast 
cancer cell lines

The cytotoxic effect that was observed in 
transformed mouse embryonic fibroblasts raised the 
question as to whether the combination of DHODH and 
Chk1 inhibitors would also be effective in a model of 
human cancer cells. Our interest was focused on triple 
negative breast cancer (TNBC) as this pathology is highly 
resistant to most conventional chemotherapies. 

In order to ensure the selective effect of Chk1 
inhibition in this strategy, SUM159 TNBC cells were 
exposed to increasing concentrations of TFN with or 

Figure 4: The combination of teriflunomide and PF477736 results in significant cell cycle perturbations in transformed 
mouse embryonic fibroblasts. Representative flow cytometry analysis of cell cycle distribution in populations of transformed MEFs 
that were exposed for up to 24 hours to either IC70 TFN (10 µM) , IC10 PF477736 (0.7 µM) or the combination of these compounds at the 
same concentrations and collected at 8, 24 and 48 hours after the beginning of the time course.
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without a fixed concentration of PF477736. We compared 
the modulation of the antiproliferative effect of TFN by 
either 0.1 µM, 0.5 µM or 2.5 µM PF477736 (the latter 
corresponding to IC10 in this cell line, Supplementary 
Figure 7A). The chemopotentiation of TFN effect by 
PF477736 was dependent on the value of the fixed 
concentration of Chk1 inhibitor (Supplementary Figure 
8A). The autophosphorylation of Chk1 on serine 296 that 
occurs upon DNA damage and is considered as a relevant 
biomarker for Chk1 kinase activity, was assessed by 
western blotting (Supplementary Figure 8B). SUM159 
cells were exposed to either 0.1 µM, 0.5 µM or 2.5 µM 
PF477736 alone or in combination with IC70 TFN (or 40 
µM gemcitabine as a positive control). Phospho-Ser296 
Chk1 levels were reduced in a concentration-dependent 
manner, with the lowest level observed at 2.5 µM 
PF477736, which confirmed optimal kinase inhibition at 
that concentration. A concentration-dependent increase in 
phospho-Ser345 Chk1 levels was concurrently observed 

when Chk1 was inhibited (Supplementary Figure 8B). 
Thus the increase in the antiproliferative effect of TFN 
was dependent on PF477736 concentration up to the 
IC10, and the involvement of Chk1 inhibition in this 
phenomenon was confirmed by the concomitant decrease 
in the levels of Chk1 phosphorylation on serine 296 within 
the same concentration range. 

As our strategy was validated and the 
antiproliferative effect of PF477736 as a single agent 
was determined in a panel of four triple negative breast 
cancer cell lines including SUM159 (Supplementary 
Figure 7A), each cell model was exposed to increasing 
TFN concentrations with or without IC10 PF477736. 
While TFN alone had almost no effect in SUM159 cell 
line, its combination with IC10 Chk1 inhibitor resulted 
in a drastic decrease in cell growth (Figure 7A), and 
the same phenomenon was observed in HCC1937 
cell line (Figure 7B). In contrast this combination had 
no significant effect in either BT549 (Supplementary 

Figure 5: The combination of teriflunomide and PF477736 increases the amount of DNA damage in transformed 
MEFs. (A) Immunofluorescence of DNA (blue) and γH2AX (H2AX phosphorylation on serine 139) (green) in transformed MEFs that 
were exposed to either IC70 TFN (10 µM), IC10 PF477736 (0.7 µM), the combination of these compounds or 0.1 µM positive control 
camptothecin (CPT). Scale bar, 20 µm. (B) Western blotting analysis of Chk1 phosphorylation on serine 345 in cell lysates prepared 8 
hours after the beginning of the exposure. Upper panel: transformed MEFs were exposed to vehicle, 0.1 µM camptothecin, IC10 PF477736, 
IC70 TFN ± IC10 PF477736 and IC70 IPP-A017-A04 (22 µM) ± IC10 PF477736. Lower panel: cells were exposed to vehicle, 0.1 
µM camptothecin, IC70 TFN, IC10 PF477736, or increasing (IC50 = 1.45 µM, IC70 = 10 µM and IC90 = 25 µM) concentrations of 
teriflunomide ± IC10 PF477736.
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Figure 7B) or HCC38 (Supplementary Figure 7C) cell 
lines which were however more sensitive to PF477736 
than the aforementioned cell lines (Supplementary 
Figure 7A).

Strikingly, SUM159 cells were strongly γH2AX 
positive as early as 4 hours upon exposure to the combination 
as illustrated in Figure 8A. Furthermore western blotting 
analysis (Figure 8B) showed that this phosphorylation 

Figure 6: The combination of teriflunomide and PF477736 is cytotoxic in transformed mouse embryonic fibroblasts. 
(A) Flow cytometry analysis for apoptosis / necrosis. Cells were exposed to vehicle, positive control camptothecin (0.1 µM), IC70 TFN 
(10 µM), IC10 PF477736 (0.7 µM) or their combination, collected and stained with annexin V/7AAD. Results are representative of three 
independent experiments. (B) Quantitation was performed with FlowJo software. Results are expressed as mean values ± SD of three 
independent experiments. **p < 0.01, ***p < 0.001 as determined by two-tailed unpaired t-test.
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event occurred to an extent that was comparable to the one 
induced by exposure to DNA damaging agent camptothecin 
at 48 hours. This indicates that the association of DHODH 
and Chk1 inhibitors was highly effective in inducing DNA 
damage in these fast-proliferating TNBC cells. At 48 
hours this TFN + IC10 PF477736 combination resulted 
in a significant cell accumulation in S and G2/M phases 
along with the appearance of a population of hyperploid 
cells (Figure 9A). As described with transformed mouse 
embryonic fibroblasts, this was also associated with a 

significant increase in the percentage of dead cells (Figure 
9B) as compared with matched controls or each individual 
drug (p = 0.0046 vs DHODH inhibition; p = 0.0089 vs 
Chk1 inhibition). Western blotting experiments confirmed 
a significant induction of caspase 3-dependent apoptosis at 
72 hours in cells exposed to the combination as compared 
with either inhibitor alone (Figure 9C). The induction of 
a substantial caspase 3-dependent cell death was also 
observed when Chk1-depleted cells were exposed to 
teriflunomide (Supplementary Figure 9).

Figure 7: The combination of teriflunomide and PF477736 reduces proliferation of SUM159 and HCC1937 triple 
negative breast cancer cell lines. (A) SUM159 and (B) HCC1937 cells were exposed for 24 hours to increasing concentrations of 
teriflunomide ± IC10 PF477736 (2.5 µM and 0.29 µM respectively, added 30 minutes after the beginning of exposure to TFN) and grown in 
drug-free medium for three doubling times. Mean ± SD, n = 3 independent experiments.  *p < 0.05, **p < 0.01, ***p < 0.001 as determined 
by two-tailed unpaired t-test. 
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Altogether these data confirmed that combining 
IC10 Chk1 inhibitor with a DHODH inhibitor can convert 
two cytostatic effects into cytotoxicity in both mouse and 
human cancer cells in culture.

Pharmacological effect of the combination 
of DHODH and Chk1 inhibitors in SUM159 
xenografts 

In order to assess the in vivo relevance of this 
combination the anti-tumour activities of TFN and 
PF477736 were then tested as single therapies or in 
sequential combination (TFN then PF477736) in SUM159 
xenografts in nude mice (Supplementary Figure 10A and 
10B). Paclitaxel was used as a reference treatment. The 
tested PF477736 regimen was consistent with those used in 
previous studies and well tolerated [36, 39]. Furthermore 
the fractionated administration (twice a day injections) 
of that compound was reported as more effective than 
a single injection [36]. TFN dosing used in the present 

study was chosen in accordance with regulatory safety 
reports [40] showing that daily oral administration of  
5 mg/kg TFN over a prolonged period of time should not 
induce repeated dose toxicity including drug-induced 
carcinogenesis. Unfortunately at that dose no significant 
effect was observed on tumour growth when teriflunomide 
was used either as a single therapy or in combination with 
PF477736 while as expected paclitaxel was effective (p 
= 0.02). Immunohistochemistry analyses (Supplementary  
Figure 10C) were consistent with this moderate effect and 
showed a slight but not significant reduction in tumour 
Ki67 staining on day 3 of the protocol upon treatment 
with the combination as compared with the control group 
and no significant change in cleaved caspase-3 levels was 
noticed (data not shown). This negative result suggested 
this safe dose of teriflunomide was suboptimal to produce 
an anti-tumour effect in that model. Of note we tested the 
chronic administration of higher doses that turned out to 
be highly toxic within days and therefore not suitable for 
in vivo administration.

Figure 8: The combination of teriflunomide and PF477736 induces H2AX phosphorylation on serine 139 (γH2AX) 
in SUM159 triple negative breast cancer cell line. (A) Immunofluorescence of DNA (blue) and γH2AX (green) in SUM159 cells 
that were exposed to either 25 µM TFN, IC10 PF477736 (2.5 µM) or the combination of these compounds. Scale bar, 20 µm (B) Western 
blotting analysis of H2AX phosphorylation on serine 139 (γH2AX) in cell lysates prepared 2, 6 and 48 hours after the beginning of the 
exposure to either compound, their combination or 0.1 µM positive control camptothecin (CPT).
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DISCUSSION

Conventional chemotherapies have been combined 
with Chk1 inhibitors in order to increase their cytotoxicity 
through the abrogation of S and G2/M Chk1-dependent 
DNA damage checkpoints. This was proposed as a 
synthetic lethal approach to kill p53 mutant tumour cells 
whilst sparing p53 wild type normal cells which still rely 
on their p53-dependent G1 checkpoint to cope with DNA 
damage [41]. Following this strategy the in vitro and in 
vivo combination of Chk1 inhibition with antimetabolites, 
such as nucleoside analogues gemcitabine or cladribine, 
was reported as more effective than with other classes 
of DNA damaging agents [42]. Here we demonstrate 
that a p53-independent similar effect can be achieved by 
combining a Chk1 inhibitor with an inhibitor of the one 
enzyme which controls the mitochondrial step of de novo 
pyrimidine synthesis.

Our growth assays in mouse embryonic fibroblasts 
first confirmed the selective antiproliferative effect of 

DHODH inhibition in transformed or immortalised cells 
with defective p53-dependent checkpoints. Strikingly 
exposure with as little as IC10 Chk1 inhibitor enhanced 
the antiproliferative effect induced by two unrelated 
DHODH inhibitors (teriflunomide or IPP-A017-A04). The 
choice of very low-effect (IC10) PF477736 concentration 
was motivated to minimise off-target effects reported 
with checkpoint kinase inhibitors [34]. Initially set up 
in p53-deficient transformed MEFs this strategy led to 
alterations in cell cycle distribution and viability. This 
was associated with the appearance of DNA damage, 
hyperploid DNA content, DNA damage and replication 
stress response with Chk1 phosphorylation on serine 345 
[43, 44], followed with massive caspase-3 dependent cell 
death. Importantly each separate compound had only a 
moderate impact on cell cycle distribution without signs 
of loss of viability. In brief, this suggests the conversion 
of two cytostatic effects into cytotoxicity. This was 
exacerbated in SUM159 and HCC1937 triple negative 
breast cancer cell lines which were not at all sensitive 

Figure 9: The combination of teriflunomide and PF477736 is cytotoxic in SUM159 triple negative breast cancer cell 
line. (A) Representative flow cytometry analysis of cell cycle distribution in SUM159 cells collected 48 hours after the beginning of 
exposure to vehicle, 25 µM TFN, IC10 PF477736 (2.5 µM), or their combination at the same concentrations. (B) Flow cytometry analysis 
for apoptosis/ necrosis. Cells were exposed to vehicle, 5 mM hydroxyurea as a positive control, 25 µM TFN, IC10 PF477736 or their 
combination, collected and stained with annexin V/7-AAD. Quantitation was performed with FlowJo software. Results are expressed as 
mean values ± SD of three independent experiments. *p < 0.05 and **p < 0.01 as determined by two-tailed unpaired t-test. (C) Western 
blotting analysis of caspase 3 cleavage in cell lysates prepared 72 hours after the beginning of the exposure to either compound, their 
combination or 0.1 µM positive control camptothecin (CPT).
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to teriflunomide alone in our experimental setting. 
Interestingly, the DHODHi+Chk1i combination had a weak 
and non-significant effect on BT549 and HCC38 cell lines. 
This encourages us to explore the cellular and molecular 
characteristics that may account for the observed variability 
in the pharmacological effect between these cell models. 
This should allow identification and selection of potential 
responders to this combination therapy.

Altogether our observations are coherent with recent 
studies in which combining the nucleoside analogue 
gemcitabine and Chk1 inhibition resulted in prolonged 
interphase with increased DNA damage, unresolved 
replication stress, entry of cells with damaged DNA 
into mitosis and cell death [44, 45]. Beside the novel 
synthetic lethality revealed by this study, our work also 
further highlights the relevance of targeting DHODH in 
cancer. Recent studies reported DHODH inhibition as a 
promising pharmacological strategy in multiple myeloma, 
neuroblastoma, melanoma models and acute myeloid 
leukemia [20–22, 25]. Our present work adds triple 
negative breast cancer (TNBC) to this list and might pave 
the way for novel pharmacological strategies to treat this 
cancer which is currently resistant to most conventional 
therapeutic warfare. Interestingly, in p53-proficient cancer 
cells, it has been clearly shown that DHODH inhibition 
induced p53 activation and p53-dependent cell death  
[23, 24]. We are now showing that this strategy of 
targeting DHODH is also effective in a p53-deficient 
background provided that Chk1 function is inhibited. 
This observation fits with the fact that Chk1- and p53-
dependent checkpoints are partially redundant and that 
activation of Chk1 -often through overexpression- is 
the way p53-deficient cancer cells are still able to elicit 
a partial DNA damage response [34].  Such Chk1 
overexpression is frequently observed in TNBC as 
compared with other malignant subtypes, benign lesions 
and normal breast tissue [46] suggesting TNBC patients 
may be eligible for future therapeutic strategies aiming at 
inhibiting both DHODH and Chk1.

As promising as this new strategy may appear 
through our in vitro studies, its application in an in vivo 
context warrants further optimisation. The preclinical 
pilot experiment reported in this manuscript did not allow 
us to draw any conclusion but identified major technical 
caveats to alleviate before proceeding, starting with the 
narrow margin of safety of teriflunomide and its poorly 
documented tissue accessibility and clearance in mice. 
In brief, we first tested a dose of teriflunomide that 
was consistent with previous studies reporting tumour 
growth delay in carcinoids upon treatment with prodrug 
leflunomide [47] but animals experienced acute toxicity. 
This regimen had therefore to be drastically revised to 
remain within the ethical boundaries and a lower dose of 
teriflunomide was chosen in order to be consistent with 
data from the FDA safety report [40]. Overall toxicity was 
assessed throughout this new protocol and no animal had 

to be euthanised whatever the treatment in our study. At 
a lower dose of teriflunomide, which was not reported 
to induce repeated dose toxicity including drug-induced 
carcinogenesis (5 mg/kg/day), no significant effect was 
observed on tumour growth with or without PF477736. 
This limited pharmacodynamic effect suggests that either 
the amount of DNA damage generated in tumour cells did 
not reach a level sufficient to result in cytotoxicity due 
to underdosing (or a suboptimal administration schedule), 
or that inhibition of de novo pyrimidine synthesis was 
circumvented to some extent by the pyrimidine salvage 
pathway which contributes to resistance to chemotherapies 
such as antimetabolites [48]. Nevertheless the first 
hypothesis is the most plausible since highly proliferating 
cells need cooperation of de novo synthesis and salvage 
pathway to meet the increasing demand of pyrimidine 
nucleotides. Moreover the murine model might not be the 
most appropriate to evaluate the pre-clinical efficacy of a 
teriflunomide-based chronic treatment since TFN plasma 
half-life was reported to range between 18 and 37 hours 
in mouse, rat and dog [40] while it reached 15-18 days 
in MS patients [49]. Using a new generation of DHODH 
inhibitors endowed with improved pharmacokinetic 
parameters along with increased tumour accessibility and 
safety may circumvent this pitfall.

In summary, the present study showed the effective 
pharmacological targeting of DHODH and Chk1 in 
murine and human p53-deficient transformed cells through 
the generation of massive and irreparable DNA damage. 
Optimising the in vivo combination regimen within the 
ethical boundaries is necessary before this strategy can 
be considered as a suitable alternative to conventional 
chemotherapies. 

MATERIALS AND METHODS

Chemicals

The active metabolite of leflunomide, teriflunomide 
(A771726, 2-cyano-3-hydroxy-N-(4-(trifluoromethyl)
phenyl)but-2-enamide, see Supplementary Figure 1), was 
purchased from Selleck Chemicals LLC (Houston, TX). 
DHODH inhibitor IPP-A017-A04 (5-cyclopropyl-2-(4-
(2,6-difluorophenoxy)-3-isopropoxy-5-methyl-1H-pyrazol-
1-yl)-3-fluoropyridine, see Supplementary Figure 1) 
 was synthesised according to the published procedure 
[10] and Chk1 inhibitor PF477736 ((2R)-2-Amino-2-
cyclohexyl-N-[2-(1-methyl-1H-pyrazol-4-yl)-6-oxo-5,6-di 
hydro-1H-[1,2]diazepino[4,5,6-cd]indol-8-yl]-acetamide, 
see Supplementary Figure 1) was purchased from Axon 
Medchem (Groningen, Netherlands). Drugs were kept at 
−20°C as 10 mM stock solutions in DMSO. Paclitaxel was 
supplied by Fresenius-Kabi. Camptothecin, gemcitabine, 
hydroxyurea, sulforhodamine B, 7-AminoActinomycin 
D, propidium iodide and RNase A were purchased from 
Sigma Aldrich.
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Cell culture

Primary, p53KO and p53KO mouse embryonic 
fibroblasts transformed by HaRasV12 [35] were grown 
in DMEM-GlutaMax supplemented with 10% fetal 
bovine serum, 100 μg/ml streptomycin and 100 units/
ml penicillin. SUM159 triple negative breast cancer cells 
were obtained from Asterand Bioscience, UK, and grown 
in Ham’s F-12 medium supplemented with 5% fetal bovine 
serum, 10 µg/ml insulin, 1 µg/ml hydrocortisone, 100 μg/
ml streptomycin and 100 units/ml penicillin. HCC1937 
(ATCC-CRL-2336), HCC38 (ATCC-CRL-2314) and 
BT-549 (ATCC HTB-122) triple negative breast cancer 
cells were obtained from American Type Culture 
Collection. HCC1937 and HCC38 cells were grown in 
RPMI supplemented with 10% fetal bovine serum, 100 
μg/ml streptomycin and 100 units/ml penicillin. BT-549 
cells were grown in Dulbecco Modified Eagle Medium 
supplemented with 10% fetal bovine serum, 100 μg/
ml streptomycin and 100 units/ml penicillin. All cell 
types were grown at 37°C in a humidified atmosphere 
containing 5% CO2 and were regularly checked for the 
absence of mycoplasma contamination.

Growth inhibition assay

Inhibition of cell growth for each individual drug or 
combinations was assessed using the sulforhodamine B 
technique [50]. Two thousand SUM159 or BT-549 breast 
cancer cells, HaRasV12 transformed p53KO or p53KO mouse 
embryonic fibroblasts, fifteen hundred HCC38 cells, one 
thousand HCC1937 cells or four thousand primary mouse 
embryonic fibroblasts were seeded onto 96-well plates 
on day 1. On day 2, cells were exposed for 24 hours to 
increasing concentrations of teriflunomide, IPP-A017-A04 
or PF477736. Medium was then replaced and cells grown 
for three doubling times, fixed with 12.5% trichloroacetic 
acid in PBS, washed with water and stained with 0.4% 
sulforhodamine B in 1% acetic acid. Each well was 
washed 5 times with acetic acid to remove unbound dye 
and protein-bound SRB was extracted with 10 mM Tris 
base pH 10.5. Optical density (540 nm) in each well was 
measured using a Tecan® infinite 200 PRO multimode 
reader. Average +/− SD values from three independent 
experiments were plotted using GraphPad Prism software.

Small Interfering RNA Transfection

Transformed mouse embryonic fibroblasts were 
transfected with 700 pmoles of either a mix of 4 target-
specific 19-25 nt small interfering RNA (siRNA) for 
mouse Chk1 (Santa Cruz Biotechnology sc-29270), or 
SASI_Mm01_00087610 and SASI_Mm01_00087610 
MISSION® siRNA for mouse DHODH (Sigma Aldrich), 
or 1400 pmoles of the combination of Chk1 and 
DHODH siRNA. SUM159 cells were transfected with 
700 pmoles of either SASI_Hs02_00326304 and SASI_

Hs02_00326304_AS MISSION® siRNA for Human 
Kinase Chk1 (Sigma Aldrich), or SASI_Hs01_00246561 
and SASI_Hs01_00246561_AS MISSION® siRNA for 
human DHODH (Sigma Aldrich) and 1400 pmoles of the 
combination of Chk1 and DHODH siRNA. A 20-25 nt 
siRNA (Santa Cruz Biotechnology sc-37007) was used as a 
control. Transfection of siRNA duplexes was performed for 
5 hours using lipofectamine RNAiMAX transfection reagent 
(Invitrogen) according to the manufacturer’s instructions. 
Samples were collected 48 hours post-transfection and 
probed for Chk1 and DHODH protein levels.

Flow cytometric analysis of cell cycle phase 
distribution

Exponentially growing cells were exposed to 
teriflunomide, IPP-A017-A04, PF4777736, 0.1 µM 
camptothecin or 5 mM hydroxyurea (used as positive 
controls) or the combination of a DHODH inhibitor and 
PF477736 for 24 hours then grown in drug-free medium. 
At each time point (8, 24 and 48 hours after the beginning 
of the exposure), cells were washed once with ice-cold 
PBS, trypsinised and counted. One million cells per 
sample were fixed in ice-cold 70% ethanol and stored 
at -20°C until analysis. They were then washed in PBS 
before being suspended in 0.5 ml staining solution (5 μg/
ml 7-AminoActinomycin D or 25 µg/ml propidium iodide, 
200 μg/ml ribonuclease A in PBS) and incubated at 37°C 
for 30 min. Analysis of 10000 events was performed 
on a FACSCalibur flow cytometer (Becton Dickinson). 
DNA fluorescence was collected in linear mode using a 
doublet discrimination gate and cell cycle distribution 
was analysed using FlowJo software (Tree Star). Each 
experiment was performed three times.

Quantification of cell death using 
multiparametric flow cytometry

Exponentially growing cells were exposed to 
teriflunomide, IPP-A017-A04, PF4777736, 0.1 µM 
camptothecin, 5 mM hydroxyurea or the combination 
of a DHODH inhibitor and PF477736 for 24 hours 
then grown in drug-free medium. At each time point, 
cells were washed with PBS, trypsinised, pooled with 
floating cells and counted. The annexin V and 7-AAD (or 
propidium iodide) dual labelling of apoptotic cells was 
conducted using the annexin V-FLUOS Staining Kit from 
Roche Applied Science according to the manufacturer’s 
instructions. Two million cells were washed twice with 
PBS and once with binding buffer (10 mM HEPES, 
140 mM NaCl, 5 mM CaCl2, pH 7.4). They were then 
incubated at room temperature in the dark for 30 min in 
2 µl annexin-V-Fluos reagent and 5 µg/ml 7-AAD (or 
25 µg/ml propidium iodide) in binding buffer. Analysis 
of 20000 events was performed on a FACSCalibur flow 
cytometer. DNA fluorescence was collected in logarithmic 
mode and cell viability was quantitated using FlowJo 
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software. The population of dead cells was calculated as 
the sum of events in upper (left + right) and lower right 
quadrants in “annexin-V-FITC” vs “7-AAD” dot plots. 
Each experiment was performed three times.

Immunoblotting

Exponentially growing cells were exposed to 
teriflunomide, IPP-A017-A04, PF4777736, 0.1 µM 
camptothecin, 40 µM gemcitabine, or the combination of 
a DHODH inhibitor and PF477736 for up to 24 hours. At 
each mentioned time point, cells were collected, washed 
with ice-cold PBS and pellets were resuspended in lysis 
buffer (50 mM Tris HCl pH 7.4 containing 100 mM NaCl, 
50 mM NaF, 40 mM β-glycerophosphate, 5 mM EDTA, 
1% Triton X-100, 1 mM sodium orthovanadate, 100 
µM PMSF, 1 µM leupeptin, 1 µM pepstatin A and 1 µM 
aprotinin) and incubated on ice for 20 minutes. Lysates 
were then centrifuged for 10 min at 13000 rpm and 4°C 
and supernatant protein concentrations were determined 
using the bicinchoninic acid assay.

Twenty-five microgram proteins were resolved 
in 7.5% polyacrylamide gels and transferred onto 
nitrocellulose membranes (Whatman). Membranes were 
incubated overnight with either mouse monoclonal 
anti-Chk1 (G4, Santa Cruz Biotechnology), rabbit anti-
Phospho-Chk1 (Ser345 or Ser296, Cell Signalling 
Technology), mouse monoclonal anti-Chk2 (clone 7, 
Upstate), mouse monoclonal anti-DHODH (E-8, Santa 
Cruz Biotechnology) or mouse monoclonal anti-β-actin 
(clone AC-15, Sigma) antibodies. For cleaved caspase-3 
and gamma-H2AX assays, 15 microgram proteins were 
resolved in 15% polyacrylamide gels. Membranes were 
incubated overnight with either anti-phospho-histone 
(Ser139) H2AX (1/500, Merck Millipore), cleaved 
caspase-3 (Asp175) (Cell Signalling Technology) or anti-
tubulin (Sigma) rabbit antibodies. Signals were visualised 
using horseradish-conjugated antibodies and Luminata 
Chemiluminescent detection substrate (Millipore).

Immunofluorescence

Exponentially growing cells were seeded in 
chamber slides, exposed to teriflunomide, IPP-A017-A04, 
PF4777736, 0.1 µM camptothecin or the combination of 
a DHODH inhibitor and PF477736 for up to 24 hours. 
Cells were washed twice with PBS, incubated in 4% 
paraformaldehyde in PBS for 10 minutes, washed in 
PBS for 5 minutes, blocked with PBS containing 2% 
bovine serum albumin and 0.5% triton X-100, and 
incubated overnight at 4°C with anti-phospho-histone 
(Ser139) H2AX (1/500, Merck Millipore) antibody. 
Slides were washed, incubated with a FITC AlexaFluor 
488-conjugated goat anti-rabbit IgG antibody for 1 
hour at room temperature, and washed in PBS. Slides 

were mounted and image acquisition was performed on 
a LSM780 confocal microscope (Zeiss, Germany) at 
the Montpellier RIO Imaging facility (Campus CNRS 
route de Mende). Images were processed using ImageJ 
software.

In vivo study and drug administration

All experimental procedures were conducted in 
compliance with recommendations issued by the Comite 
d’Ethique Regional Languedoc-Roussillon - Comite 
d’Ethique pour l’Experimentation Animale and the 
Guidelines for the welfare of animals in experimental 
neoplasia. Female Swiss nu/nu mice (Charles River 
Laboratories) were housed under clean room conditions 
in sterile individually ventilated cages. Animals received 
sterile irradiated chow and water ad libitum.

Ten million SUM159 cells were inoculated 
subcutaneously in 150 µl of 50:50 medium/matrigel (BD 
biosciences) in the right hind flank region of 6-week old 
mice. When tumours reached approximately 100 mm3 
animals were randomly assigned into five groups of 10 
mice. Mice were then administered with (a) vehicle or (b) 
oral teriflunomide at a dose of 5 mg/kg once a day for 28 
days, (c) 7.5 mg/kg PF477736 twice daily (6-hour interval) 
by i.p  injections on days 2, 9, 16 and 23, (d) teriflunomide 
and PF477736 according to the same schedules as single 
regimens and (e) 20 mg/kg paclitaxel by i.p  injection on 
days 1, 8 and 15. Animals were weighed twice a week and 
tumour volumes were calculated by caliper measurements 
once every three days using the following formula: V = 
(length × width × height × π/6). Animals were euthanised 
when tumour burden reached 1500 mm3. 

Immunohistochemistry analysis

Five tumour-bearing mice were monitored 
in each group on days 2 and 3 of the protocol for 
pharmacodynamic assessment of the aforementioned 
regimens by immunohistochemistry. Tumours were 
harvested 24 or 48 hours after the beginning of each 
treatment and were fixed with formalin, all sections were 
counterstained with hematoxylin and eosin. Samples 
were also probed for Ki67 and cleaved caspase-3 levels. 
Quantitative analysis of Ki67 section staining was 
performed using ImageJ software and caspase-3 cleavage 
was quantitated using Aperio ImageScope software. 

Statistical analyses

In vitro data expressed as mean values +/- SD of 
three independent experiments were analysed using 
Statview 5.0 software (Informer Technologies) using 
a two-tailed unpaired Student t test. In vivo data were 
analysed according to a non-linear mixed-effect model 
using Stata ver.13 (Stata Corporation, College Station, TX, 
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USA). Kaplan-Meier survival curves were compared using 
the Log-rank test.

Authorsʼ contributions

conception and design: S. Arnould, C. Sardet. 
Development of methodology: S. Arnould, C. Sardet, G. 
Rodier, C. Vincent, N. Pirot; Acquisition of data (provided 
animals, acquired and managed patients, provided 
facilities, etc…): S. Arnould, G. Rodier, G. Matar, C. 
Vincent, Y. Delorme, C. Berthet, Y. Buscail, S. Lachambre, 
Y. Noël, N. Pirot, H. Delpech; Analysis and interpretation 
of data (e.g statistical analysis, biostatistics, computational 
analysis): S. Arnould, M. Jarlier, F. Bernex, N. Pirot, 
P-O Vidalain, YL Janin; Writing, review and/or revision 
of the manuscript: S. Arnould, C. Sardet, G. Rodier, 
P-O Vidalain, YL Janin, C. Theillet; Administrative, 
technical or material support (i.e reporting or organising 
data, constructing databases): S. Arnould, G. Rodier, G. 
Matar, M. Jarlier, C. Vincent, N. Pirot, H. Delpech; Study 
supervision: S. Arnould, C. Sardet, C. Vincent, N. Pirot.

ACKNOWLEDGMENTS

The authors thank Nicolas Artielle, Valérie Bonjean, 
Anaïs Courtois, Marina Ferrand and Lucie Martin for their 
support during the in vivo experimental procedure. The 
authors would also like to thank Dr Daniel Fisher for his 
critical reading of the manuscript.

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.

FUNDING

This work was supported by grants from the French 
National Ligue Contre le Cancer (LNCC, C.S équipe 
labellisée 2011) and Cancéropôle Grand Sud-Ouest 
‘Soutien à l’Emergence’ funding.  Institutional support 
was provided by Inserm, Université de Montpellier and 
Institut du Cancer de Montpellier (ICM). Technical 
support was provided by the Biocampus Montpellier RIO 
Imaging facility, the Biocampus Réseau d’Histologie 
Expérimentale de Montpellier (RHEM) facility supported 
by the SIRIC Montpellier Cancer (Grant InCa-DGOS-
INSERM6045) and the Réseau des Animaleries de 
Montpellier IRCM animal facility. 

REFERENCES

1. Jones ME. Pyrimidine nucleotide biosynthesis in animals: 
genes, enzymes, and regulation of UMP biosynthesis. Annu 
Rev Biochem. 1980; 49:253–79. https://doi.org/10.1146/
annurev.bi.49.070180.001345.

 2. Davies M, Heikkilä T, McConkey GA, Fishwick CW, 
Parsons MR, Johnson AP. Structure-based design, synthesis, 
and characterization of inhibitors of human and Plasmodium 
falciparum dihydroorotate dehydrogenases. J Med Chem. 
2009; 52:2683–93. https://doi.org/10.1021/jm800963t.

 3. Booker ML, Bastos CM, Kramer ML, Barker RH Jr, Skerlj 
R, Sidhu AB, Deng X, Celatka C, Cortese JF, Guerrero 
Bravo JE, Crespo Llado KN, Serrano AE, Angulo-Barturen 
I, et al. Novel inhibitors of Plasmodium falciparum 
dihydroorotate dehydrogenase with anti-malarial activity 
in the mouse model. J Biol Chem. 2010; 285:33054–64. 
https://doi.org/10.1074/jbc.M110.162081.

 4. Coteron JM, Marco M, Esquivias J, Deng X, White KL, 
White J, Koltun M, El Mazouni F, Kokkonda S, Katneni K, 
Bhamidipati R, Shackleford DM, Angulo-Barturen I, et al. 
Structure-guided lead optimization of triazolopyrimidine-
ring substituents identifies potent Plasmodium falciparum 
dihydroorotate dehydrogenase inhibitors with clinical 
candidate potential. J Med Chem. 2011; 54:5540–61. 
https://doi.org/10.1021/jm200592f.

 5. Skerlj RT, Bastos CM, Booker ML, Kramer ML, Barker 
RH Jr, Celatka CA, O’Shea TJ, Munoz B, Sidhu AB, 
Cortese JF, Wittlin S, Papastogiannidis P, Angulo-Barturen 
I, et al. Optimization of Potent Inhibitors of P. falciparum 
Dihydroorotate Dehydrogenase for the Treatment of 
Malaria. ACS Med Chem Lett. 2011; 2:708–13. https://doi.
org/10.1021/ml200143c.

 6. Reyes P, Rathod PK, Sanchez DJ, Mrema JE, Rieckmann 
KH, Heidrich HG. Enzymes of purine and pyrimidine 
metabolism from the human malaria parasite, Plasmodium 
falciparum. Mol Biochem Parasitol. 1982; 5:275–90. 
https://doi.org/10.1016/0166-6851(82)90035-4.

 7. Bonavia A, Franti M, Pusateri Keaney E, Kuhen K, 
Seepersaud M, Radetich B, Shao J, Honda A, Dewhurst 
J, Balabanis K, Monroe J, Wolff K, Osborne C, et al. 
Identification of broad-spectrum antiviral compounds and 
assessment of the druggability of their target for efficacy 
against respiratory syncytial virus (RSV). Proc Natl Acad 
Sci USA. 2011; 108:6739–44. https://doi.org/10.1073/
pnas.1017142108.

 8. Hoffmann HH, Kunz A, Simon VA, Palese P, Shaw ML. 
Broad-spectrum antiviral that interferes with de novo 
pyrimidine biosynthesis. Proc Natl Acad Sci USA. 2011; 
108:5777–82. https://doi.org/10.1073/pnas.1101143108.

 9. Munier-Lehmann H, Lucas-Hourani M, Guillou S, 
Helynck O, Zanghi G, Noel A, Tangy F, Vidalain PO, Janin 
YL. Original 2-(3-alkoxy-1H-pyrazol-1-yl)pyrimidine 
derivatives as inhibitors of human dihydroorotate 
dehydrogenase (DHODH). J Med Chem. 2015; 58:860–77. 
https://doi.org/10.1021/jm501446r.

10. Lucas-Hourani M, Munier-Lehmann H, El Mazouni F, 
Malmquist NA, Harpon J, Coutant EP, Guillou S, Helynck 
O, Noel A, Scherf A, Phillips MA, Tangy F, Vidalain PO, 
Janin YL. Original 2-(3-Alkoxy-1H-pyrazol-1-yl)azines 
Inhibitors of Human Dihydroorotate Dehydrogenase 



Oncotarget95221www.impactjournals.com/oncotarget

(DHODH). J Med Chem. 2015; 58:5579–98. https://doi.
org/10.1021/acs.jmedchem.5b00606.

11. Munier-Lehmann H, Vidalain PO, Tangy F, Janin YL. 
On dihydroorotate dehydrogenases and their inhibitors 
and uses. J Med Chem. 2013; 56:3148–67. https://doi.
org/10.1021/jm301848w.

12. Oliver JD, Sibley GE, Beckmann N, Dobb KS, Slater 
MJ, McEntee L, du Pré S, Livermore J, Bromley MJ, 
Wiederhold NP, Hope WW, Kennedy AJ, Law D, Birch M. 
F901318 represents a novel class of antifungal drug that 
inhibits dihydroorotate dehydrogenase. Proc Natl Acad Sci 
U S A. 2016. https://doi.org/10.1073/pnas.1608304113.

13. Fox RI, Herrmann ML, Frangou CG, Wahl GM, Morris 
RE, Strand V, Kirschbaum BJ. Mechanism of action for 
leflunomide in rheumatoid arthritis. Clin Immunol. 1999; 
93:198–208. https://doi.org/10.1006/clim.1999.4777.

14. Herrmann ML, Schleyerbach R, Kirschbaum BJ. 
Leflunomide: an immunomodulatory drug for the treatment 
of rheumatoid arthritis and other autoimmune diseases. 
Immunopharmacology. 2000; 47:273–89. https://doi.
org/10.1016/S0162-3109(00)00191-0.

15. Li EK, Tam LS, Tomlinson B. Leflunomide in the treatment 
of rheumatoid arthritis. Clin Ther. 2004; 26:447–59. https://
doi.org/10.1016/S0149-2918(04)90048-3.

16. Goldenberg MM. Leflunomide, a novel immunomodulator 
for the treatment of active rheumatoid arthritis. Clin Ther. 
1999; 21:1837–52; discussion 1821. https://doi.org/10.1016/
S0149-2918(00)86732-6.

17. O’Connor P, Wolinsky JS, Confavreux C, Comi G, Kappos 
L, Olsson TP, Benzerdjeb H, Truffinet P, Wang L, Miller 
A, Freedman MS, and TEMSO Trial Group. Randomized 
trial of oral teriflunomide for relapsing multiple sclerosis. N 
Engl J Med. 2011; 365:1293–303. https://doi.org/10.1056/
NEJMoa1014656.

18. Warnke C, Stüve O, Kieseier BC. Teriflunomide for the 
treatment of multiple sclerosis. Clin Neurol Neurosurg. 
2013 (Suppl 1); 115:S90–94. https://doi.org/10.1016/j.
clineuro.2013.09.030.

19. O’Connor P, Comi G, Freedman MS, Miller AE, Kappos 
L, Bouchard JP, Lebrun-Frenay C, Mares J, Benamor M, 
Thangavelu K, Liang J, Truffinet P, Lawson VJ, Wolinsky 
JS, and Teriflunomide Multiple Sclerosis Oral (TEMSO) 
Trial Group and the MRI-AC in Houston, Texas. Long-term 
safety and efficacy of teriflunomide: nine-year follow-up of 
the randomized TEMSO study. Neurology. 2016; 86:920–
30. https://doi.org/10.1212/WNL.0000000000002441.

20. Baumann P, Mandl-Weber S, Völkl A, Adam C, Bumeder I, 
Oduncu F, Schmidmaier R. Dihydroorotate dehydrogenase 
inhibitor A771726 (leflunomide) induces apoptosis and 
diminishes proliferation of multiple myeloma cells. Mol 
Cancer Ther. 2009; 8:366–75. https://doi.org/10.1158/1535-
7163.MCT-08-0664.

21. Zhu S, Yan X, Xiang Z, Ding HF, Cui H. Leflunomide 
reduces proliferation and induces apoptosis in 

neuroblastoma cells in vitro and in vivo. PLoS One. 2013; 
8:e71555. https://doi.org/10.1371/journal.pone.0071555.

22. White RM, Cech J, Ratanasirintrawoot S, Lin CY, Rahl PB, 
Burke CJ, Langdon E, Tomlinson ML, Mosher J, Kaufman 
C, Chen F, Long HK, Kramer M, et al. DHODH modulates 
transcriptional elongation in the neural crest and melanoma. 
Nature. 2011; 471:518–22. https://doi.org/10.1038/
nature09882.

23. Khutornenko AA, Roudko VV, Chernyak BV, Vartapetian 
AB, Chumakov PM, Evstafieva AG. Pyrimidine 
biosynthesis links mitochondrial respiration to the p53 
pathway. Proc Natl Acad Sci USA. 2010; 107:12828–33. 
https://doi.org/10.1073/pnas.0910885107.

24. Khutornenko AA, Dalina AA, Chernyak BV, Chumakov 
PM, Evstafieva AG. The Role of Dihydroorotate 
Dehydrogenase in Apoptosis Induction in Response to 
Inhibition of the Mitochondrial Respiratory Chain Complex 
III. Acta Naturae. 2014; 6:69–75.

25. Sykes DB, Kfoury YS, Mercier FE, Wawer MJ, Law 
JM, Haynes MK, Lewis TA, Schajnovitz A, Jain E, Lee 
D, Meyer H, Pierce KA, Tolliday NJ, et al. Inhibition of 
Dihydroorotate Dehydrogenase Overcomes Differentiation 
Blockade in Acute Myeloid Leukemia. Cell. 2016; 167:171–
186.e15. https://doi.org/10.1016/j.cell.2016.08.057.

26. Meuth M. The molecular basis of mutations induced by 
deoxyribonucleoside triphosphate pool imbalances in 
mammalian cells. Exp Cell Res. 1989; 181:305–16. https://
doi.org/10.1016/0014-4827(89)90090-6.

27. Kunz BA, Kohalmi SE, Kunkel TA, Mathews CK, McIntosh 
EM, Reidy JA. International Commission for Protection 
Against Environmental Mutagens and Carcinogens. 
Deoxyribonucleoside triphosphate levels: a critical factor 
in the maintenance of genetic stability. Mutat Res. 1994; 
318:1–64. https://doi.org/10.1016/0165-1110(94)90006-X.

28. Bester AC, Roniger M, Oren YS, Im MM, Sarni D, 
Chaoat M, Bensimon A, Zamir G, Shewach DS, Kerem B. 
Nucleotide deficiency promotes genomic instability in early 
stages of cancer development. Cell. 2011; 145:435–46. 
https://doi.org/10.1016/j.cell.2011.03.044.

29. Anglana M, Apiou F, Bensimon A, Debatisse M. Dynamics 
of DNA replication in mammalian somatic cells: nucleotide 
pool modulates origin choice and interorigin spacing. 
Cell. 2003; 114:385–94. https://doi.org/10.1016/S0092-
8674(03)00569-5.

30. Burhans WC, Weinberger M. DNA replication stress, 
genome instability and aging. Nucleic Acids Res. 2007; 
35:7545–56. https://doi.org/10.1093/nar/gkm1059.

31. Carr AM, Moudjou M, Bentley NJ, Hagan IM. The chk1 
pathway is required to prevent mitosis following cell-cycle 
arrest at ‘start’. Curr Biol. 1995; 5:1179–90. https://doi.
org/10.1016/S0960-9822(95)00234-X.

32. Boddy MN, Furnari B, Mondesert O, Russell P. 
Replication checkpoint enforced by kinases Cds1 and 
Chk1. Science. 1998; 280:909–12. https://doi.org/10.1126/
science.280.5365.909.



Oncotarget95222www.impactjournals.com/oncotarget

33. Feijoo C, Hall-Jackson C, Wu R, Jenkins D, Leitch J, 
Gilbert DM, Smythe C. Activation of mammalian Chk1 
during DNA replication arrest: a role for Chk1 in the intra-S 
phase checkpoint monitoring replication origin firing. 
J Cell Biol. 2001; 154:913–23. https://doi.org/10.1083/
jcb.200104099.

34. Ma CX, Janetka JW, Piwnica-Worms H. Death by releasing 
the breaks: CHK1 inhibitors as cancer therapeutics. Trends 
Mol Med. 2011; 17:88–96. https://doi.org/10.1016/j.
molmed.2010.10.009.

35. Rodier G, Kirsh O, Baraibar M, Houlès T, Lacroix M, 
Delpech H, Hatchi E, Arnould S, Severac D, Dubois E, 
Caramel J, Julien E, Friguet B, et al. The transcription 
factor E4F1 coordinates CHK1-dependent checkpoint and 
mitochondrial functions. Cell Reports. 2015; 11:220–33. 
https://doi.org/10.1016/j.celrep.2015.03.024.

36. Blasina A, Hallin J, Chen E, Arango ME, Kraynov E, 
Register J, Grant S, Ninkovic S, Chen P, Nichols T, 
O’Connor P, Anderes K. Breaching the DNA damage 
checkpoint via PF-00477736, a novel small-molecule 
inhibitor of checkpoint kinase 1. Mol Cancer Ther. 2008; 
7:2394–404. https://doi.org/10.1158/1535-7163.MCT-07-
2391.

37. Rawlinson R, Massey AJ. γH2AX and Chk1 
phosphorylation as predictive pharmacodynamic biomarkers 
of Chk1 inhibitor-chemotherapy combination treatments. 
BMC Cancer. 2014; 14:483. https://doi.org/10.1186/1471-
2407-14-483.

38. Zannini L, Delia D, Buscemi G. CHK2 kinase in the DNA 
damage response and beyond. J Mol Cell Biol. 2014; 
6:442–57. https://doi.org/10.1093/jmcb/mju045.

39. Al-Ejeh F, Pajic M, Shi W, Kalimutho M, Miranda M, 
Nagrial AM, Chou A, Biankin AV, Grimmond SM, Brown 
MP, Khanna KK, Australian Pancreatic Cancer Genome 
Initiative. Gemcitabine and CHK1 inhibition potentiate 
EGFR-directed radioimmunotherapy against pancreatic 
ductal adenocarcinoma. Clin Cancer Res. 2014; 20:3187–
97. https://doi.org/10.1158/1078-0432.CCR-14-0048.

40. Food and Drug Administration. Pharmacology review(s) 
for Teriflunomide - Center for drug evaluation and 
research - Application number 202992Orig1s000. 
2012 [cited 2016 Oct 19]. Available 2016 Oct 19, 
from: http://www.accessdata.fda.gov/drugsatfda_docs/
nda/2012/202992Orig1s000PharmR.pdf.

41. Dobbelstein M, Sørensen CS. Exploiting replicative stress 
to treat cancer. Nat Rev Drug Discov. 2015; 14:405–23. 
https://doi.org/10.1038/nrd4553.

42. Xiao Y, Ramiscal J, Kowanetz K, Del Nagro C, Malek 
S, Evangelista M, Blackwood E, Jackson PK, O’Brien T. 
Identification of preferred chemotherapeutics for combining 
with a CHK1 inhibitor. Mol Cancer Ther. 2013; 12:2285–
95. https://doi.org/10.1158/1535-7163.MCT-13-0404.

43. Zhao H, Piwnica-Worms H. ATR-mediated checkpoint 
pathways regulate phosphorylation and activation of 
human Chk1. Mol Cell Biol. 2001; 21:4129–39. https://doi.
org/10.1128/MCB.21.13.4129-4139.2001.

44. Koh SB, Courtin A, Boyce RJ, Boyle RG, Richards 
FM, Jodrell DI. CHK1 Inhibition Synergizes with 
Gemcitabine Initially by Destabilizing the DNA Replication 
Apparatus. Cancer Res. 2015; 75:3583–95. https://doi.
org/10.1158/0008-5472.CAN-14-3347.

45. McNeely S, Conti C, Sheikh T, Patel H, Zabludoff S, 
Pommier Y, Schwartz G, Tse A. Chk1 inhibition after 
replicative stress activates a double strand break response 
mediated by ATM and DNA-dependent protein kinase. 
Cell Cycle. 2010; 9:995–1004. https://doi.org/10.4161/
cc.9.5.10935.

46. Albiges L, Goubar A, Scott V, Vicier C, Lefèbvre C, 
Alsafadi S, Commo F, Saghatchian M, Lazar V, Dessen P, 
Delaloge S, André F, Quidville V. Chk1 as a new therapeutic 
target in triple-negative breast cancer. Breast. 2014; 23:250–
58. https://doi.org/10.1016/j.breast.2014.02.004.

47. Cook MR, Pinchot SN, Jaskula-Sztul R, Luo J, 
Kunnimalaiyaan M, Chen H. Identification of a novel Raf-
1 pathway activator that inhibits gastrointestinal carcinoid 
cell growth. Mol Cancer Ther. 2010; 9:429–37. https://doi.
org/10.1158/1535-7163.MCT-09-0718.

48. Kinsella AR, Smith D, Pickard M. Resistance to 
chemotherapeutic antimetabolites: a function of salvage 
pathway involvement and cellular response to DNA 
damage. Br J Cancer. 1997; 75:935–45. https://doi.
org/10.1038/bjc.1997.164.

49. Tallantyre E, Evangelou N, Constantinescu CS. Spotlight on 
teriflunomide. Int MS J. 2008; 15:62–68.

50. Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, 
Vistica D, Warren JT, Bokesch H, Kenney S, Boyd MR. 
New colorimetric cytotoxicity assay for anticancer-drug 
screening. J Natl Cancer Inst. 1990; 82:1107–12. https://
doi.org/10.1093/jnci/82.13.1107.


