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ABSTRACT

Nasopharyngeal carcinoma (NPC) is a rare but highly invasive cancer. As 
radiotherapy is the primary treatment for NPC, this offers a rationale to investigate 
if uncoupling the DNA damage responses can sensitize this cancer type. The G2 DNA 
damage checkpoint is controlled by a cascade of protein kinases: ATM/ATR, which 
phosphorylates CHK1/CHK2, which in turn phosphorylates WEE1. A number of 
small molecule inhibitors have been developed against these kinases as potential 
therapeutic agents. Here we demonstrated that compare to that in immortalized 
nasopharyngeal epithelial cells, ATR, CHK1, and WEE1 were overexpressed in NPC 
cell lines. Inhibitors of these kinases were unable to promote extensive mitotic 
catastrophe in ionizing radiation-treated NPC cells, indicating that they are not 
very effective radiosensitizer for this cancer. In the absence of prior irradiation, 
however, mitotic catastrophe could be induced with inhibitors against CHK1 
(AZD7762) or WEE1 (MK-1775). NPC cells were more sensitive to WEE1 inactivation 
than nasopharyngeal epithelial cells. Targeting CHK1 and WEE1 together induced 
more extensive mitotic catastrophe than the individual components alone. Taken 
together, our results show that NPC cells depend on CHK1 and WEE1 activity for 
growth and that inhibitors of these kinases may serve as potential therapeutics 
for NPC.

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a highly 
invasive cancer with poor prognosis. Although NPC is 
relatively rare in most parts of the world, high incidence 
rates are found in southern China and Southeast Asia [1]. 
The standard treatment for NPC includes surgical resection 
and radiotherapy [2]. Treatment outcomes for advanced 
NPC have been poor due to metastasis and recurrence [3]. 
Although chemotherapeutic compounds are used in 
combination with radiotherapy to control advanced NPC, 
they are restricted to traditional agents such as cisplatin 
and 5-flurouracil. Effective radiosensitizers for NPC are 
still to be established.

After DNA damage, a surveillance mechanism termed 
the G2 DNA damage checkpoint prevents entry into mitosis. 
The checkpoint involves the activation of a kinase cascade 
initiating with ATM and the related ATR. Activated ATR/

ATM phosphorylates residues in the SQ/TQ domain of 
CHK1 and CHK2, stimulating the activity of these effector 
kinases [4]. CHK1/CHK2 then acts on all three isoforms of 
the CDC25 family to suppress their activities [5]. CHK1 also 
phosphorylates and activates WEE1 in yeast [6, 7], and, in 
Xenopus, phosphorylates and activates WEE1 by promoting  
14-3-3 binding [8, 9]. Inhibition of CDC25 or activation 
of WEE1 promotes Thr14/Tyr15 phosphorylation of 
CDK1, thereby preventing damaged cells from entering 
mitosis. Although there are considerable overlaps 
in the pathway, the prevailing view is that while the  
ATM-CHK2 pathway primarily responds to DNA double-
strand breaks, the ATR-CHK1 pathway is activated by 
a broader spectrum of DNA abnormalities. Premature 
inactivation of the G2 DNA damage checkpoint can trigger 
a process often termed mitotic catastrophe, which is 
characterized by precocious mitosis followed by apoptosis 
or mitotic slippage [10].
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Mounting evidence indicates that in addition to 
its role in checkpoints, the ATR-CHK1-WEE1 axis also 
plays an essential role in the unperturbed cell cycle. 
Deletion of ATR [11, 12], CHK1 [13], or WEE1 [14] 
results in embryonic lethality. Inhibition of these kinases 
during normal S phase facilitates activation of cyclin  
E-CDK2, which in turn leads to unscheduled initiation 
of DNA replication, thereby inducing DNA damage in a 
mechanism that is not yet fully understood [15].

One focus of the development of inhibitors 
of the checkpoint kinase cascade is for their use as 
chemosensitizers or radiosensitizers [16]. DNA damage 
is particular relevant for NPC for several reasons [17]. 
Firstly, radiotherapy remains the main treatment for 
NPC. Secondly, Epstein-Barr virus infection (a major 
etiological factor for NPC) induces DNA damage. Finally, 
the DNA damage checkpoint is frequently impaired 
in NPC. Nevertheless, the effects of targeting the DNA 
damage checkpoint kinases have not been studied in 
NPC. Only one study shows that treatment with a CHK1 
inhibitor called Gö6976 sensitizes NPC cells to radiation 
and cisplatin [18]. Here we present evidence that the 
components of the kinase cascade are overexpressed in 
NPC in comparison to immortalized nasopharyngeal cells. 
Furthermore, NPC cell growth was inhibited by targeting 
CHK1 and WEE1.

RESULTS

Overexpression of the ATR-CHK1-WEE1 axis in 
nasopharyngeal carcinoma cell lines

The G2 DNA damage checkpoint is frequently 
dysregulated in NPC [17]. To determine if components 
of the checkpoint kinase cascade are expressed in NPC 
cells, lysates from a number of NPC cell lines (C666-1, 
CNE2, HNE1, and HONE1) were prepared and analyzed 
with immunoblotting. Several telomerase-immortalized 
nasopharyngeal epithelial cell lines (NP361, NP460, and 
NP550) were used for comparison. The specificity of some 
of the antibodies used is shown in Figure S1. We found that 
WEE1 was upregulated in all the NPC cell lines examined 
(Figure 1). To a lesser extent, CHK1 and ATR were also 
upregulated in most NPC cell lines (except C666-1 for 
CHK1). No such correlation was observed for ATM and 
CHK2. These data indicated that ATR, CHK1, and WEE1 
are in general upregulated in NPC cell lines. In this study, 
we mainly used HONE1 and HNE1 as representative NPC 
cell lines (both poorly differentiated [19]) and NP460 as 
nasopharyngeal epithelial cells.

Targeting checkpoint kinases can disrupt the G2 
DNA damage checkpoint in irradiated NPC cells

Radiotherapy is the primary treatment for NPC [2]. 
We next examined if disrupting the radiation-induced 

G2 DNA damage checkpoint could increase cytotoxicity 
in NPC cells. The G2 DNA damage checkpoint in 
HONE1 was activated after treatment with ionizing 
radiation (IR), as indicated by an accumulation of 
CDK1Tyr15 phosphorylation and a decrease of histone 
H3Ser10 phosphorylation (Figure 2A, lane 3). Addition of 
an inhibitor of WEE1 (MK-1775 [20], designated WEE1i 
herein) abolished CDK1Tyr15 phosphorylation and restored 
histone H3Ser10 phosphorylation (lane 7), indicating that 
inhibition of WEE1 abrogated the checkpoint. Note that 
nocodazole was also included in these experiments to 
trap the checkpoint-abrogated cells in mitosis. Likewise, 
AZD7762 (CHK1i herein), an inhibitor of CHK1 
(IC50: 5 nM) and CHK2 (IC50: < 10 nM) [21], was also 
able to disrupt the IR-induced G2 arrest (lane 6).

We also examined the effects of targeting upstream 
kinases of the checkpoint. Figure 2B shows that 2.5 μM of  
VE-821 (ATRi herein), a specific inhibitor of ATR [22], 
was able to overcome the checkpoint, reversing both 
the phosphorylation of CDK1Tyr15 and histone H3Ser10. 
However, the checkpoint was not disrupted by an ATM 
inhibitor (5 μM of KU-60019 [23] (ATMi herein)).

To verify that the G2 cell cycle arrest could be 
attenuated by checkpoint inhibitors, DNA contents were 
analyzed with flow cytometry (Figure 2C). IR induced 
mainly a G2/M arrest in HONE1 cells. Addition of WEE1i 
for another 8 h resulted in cells containing mainly G1 
DNA contents, indicating that the damaged cells were 
forced into the cell cycle. Similar results were obtained 
using CHK1i and ATRi. In agreement with the above 
observations, ATMi was unable to overcome the G2 arrest 
under these conditions.

We further verified the fates of checkpoint-
abrogated cells directly using live-cell imaging. After 
HONE1 cells were irradiated and arrested at G2 (16 h), 
they were challenged with checkpoint inhibitors before 
individual cells were tracked using time-lapse microscopy. 
In contrast to control cells, which entered and exited 
mitosis asynchronously, the majority of IR-treated cells 
stopped cell cycle progression and remained in interphase 
during the 24 h imaging period (Figure 2D). The arrested 
cells were able to enter mitosis after the checkpoint was 
abrogated with WEE1i, CHK1i, or ATRi (but not ATMi). 
Checkpoint abrogation resulted in mitosis that was in 
general longer than that during unperturbed cell cycle.

Similar results were obtained with another NPC 
cell line (HNE1) (Figure S2A), indicating that the 
effects of the checkpoint inhibitors were not limited 
to HONE1. As with HONE1 cells, HNE1 responded to  
IR-mediated damage by arresting at G2 phase (Figure S2B) 
with CDK1Tyr15 phosphorylation (Figure S2C). Inhibitors 
including WEE1i, CHK1i, and ATRi were able to abrogate 
the checkpoint in HNE1 cells.

Interestingly, the same concentration of WEE1i did 
not affect the G2 DNA damage checkpoint in nasopharyngeal 
epithelial cells (Figure S3). This is also consistent with the 
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results that NP460 cells were less sensitive to WEE1i as 
a standalone compound than NPC cells (see later). These 
results suggest that nasopharyngeal epithelial cells and NPC 
cells have different susceptibility to WEE1i.

Although targeting components of the kinase cascade 
could abrogate the G2 DNA damage checkpoint in NPC 
cells, this did not result in significant cytotoxicity. This was 
supported by the absence of sub-G1 population (Figure 2C), 
cleaved PARP1 (data not shown), and apoptotic cells 
(Figure 2D). Similarly, no significant apoptosis was 
detected after checkpoint abrogation in HNE1 cells 
(Figure S2A). These results indicated that abrogation of 
the G2 DNA damage in NPC cells did not result in massive 
mitotic cell death as observed in other cell lines such as 
HeLa (Figure S4). Moreover, longer-term analysis (up to 
6 days) indicated that WEE1i did not further reduce cell 
growth compare to cells treated with IR alone (Figure S5).

Collectively, these data indicate that 
pharmacological inhibition of the ATR-CHK1/ 

CHK2-WEE1 pathway can attenuate IR-mediated arrest in 
NPC cells. However, this checkpoint abrogation does not 
promote mitotic catastrophe.

NPC cells are more sensitive to inhibition of 
WEE1 than nasopharyngeal epithelial cells

Given that abolition of the IR-mediated checkpoint 
did not significantly enhance apoptosis in NPC cells, we 
next tested if targeting the checkpoint in the absence of DNA 
damage could be more effective in inducing cytotoxicity. The 
basis of this is that checkpoint inhibitors could mainly target 
cells during S phase (instead of mainly G2 cells after DNA 
damage). Figure 3 shows that incubation of HNE1 cells with 
500 nM of WEE1i or CHK1i enriched cells in G2/M or the 
later part of S phase. In marked contrast, ATRi and ATMi 
did not induce similar cell cycle delay even when used at 
up to 10 μM. Similar sensitivity to WEE1i and CHK1i and 
lack of cell cycle effects of ATRi and ATMi were observed 

Figure 1: The ATR-CHK1-WEE1 axis is overexpressed in NPC cell lines. Several NPC (HONE1, HNE1, CNE2, and C666-1) 
and immortalized nasopharyngeal (NP) epithelial cell lines (NP361, NP550, and NP460) were analyzed. Lysates from HeLa cells were  also 
loaded for comparison. Cell-free extracts were prepared and the indicated proteins were detected by immunoblotting.
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Figure 2: Targeting ATR, CHK1, and WEE1 abrogates the G2 DNA damage checkpoint in irradiated NPC 
cells. A. Disruption of the G2 DNA damage checkpoint by inhibition of WEE1 and CHK1. HONE1 cells were either mock-treated or 
irradiated with 10 Gy of ionizing radiation (IR). After 16 h, the cells were incubated with buffer, 500 nM of MK-1775 (WEE1i), or 50 nM 
of AZD7762 (CHK1i). Nocodazole (NOC) was also applied to trap cells in mitosis. The cells were harvested after another 8 h. Lysates 
were prepared and the indicated proteins were detected with immunoblotting. Uniform loading of lysates was confirmed by immunoblotting 
for actin. B. ATRi but not ATMi abrogates the IR-mediated checkpoint. HONE1 cells were either untreated or irradiated with 10 Gy of IR. 
After 16 h, the cells were incubated with 2.5 μM of VE-821 (ATRi) or 5 μM of KU-60019 (ATMi). Nocodazole (NOC) was also applied to 
trap the cells in mitosis. After 8 h, the cells were harvested and analyzed with immunoblotting. Uniform loading of lysates was confirmed 
by immunoblotting for actin. C. Targeting the ATR-CHK1/CHK2-WEE1 axis overcomes IR-induced G2 arrest. HONE1 cells were either 
mock-treated or irradiated with 10 Gy of IR. After 16 h, the cells were incubated with buffer, WEE1i (500 nM), CHK1i (50 nM), ATRi 
(2.5 μM) or ATM (5 μM). After 8 h, the cells were harvested and analyzed with flow cytometry. D. Targeting the ATR-CHK1/CHK2-WEE1 
axis induces mitosis in irradiated cells. HONE1 cells expressing histone H2B-mRFP were either mock-treated or irradiated with 10 Gy of 
IR. After 16 h, the cells were incubated with buffer, WEE1i (250 nM), CHK1i (250 nM), ATRi (5 μM) or ATM (5 μM). Individual cells 
were then tracked for 24 h with time-lapse microscopy. Each horizontal bar represents one cell (n = 50). Light grey: interphase; black: 
mitosis (from DNA condensation to anaphase); truncated bars: cell death. Note that only one of the daughter cells was tracked after mitosis.
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with another NPC cell line HONE1 (Figure S6A), excluding 
the possibility that the differential effect was specific for 
HNE1 only. As expected, WEE1i or CHK1i decreased cell 
proliferation in a dose-dependent manner (Figure S6B).

Importantly, immortalized nasopharyngeal epithelial 
cells were less sensitive to WEE1i than NPC cells. While 
0.5 – 1 μM of WEE1i was able to induce G2/M responses 
in NPC cells, NP460 was not affected (Figure 3). 

Figure 3: Inhibition of WEE1 specifically sensitizes NPC cells compare to nasopharyngeal epithelial cells. HNE1 and 
nasopharyngeal epithelial cells (NP460) were exposed to the indicated concentrations of MK-1775 (WEE1i), AZD7762 (CHK1i), VE-821 
(ATRi), or KU-60019 (ATMi). After 24 h (for HNE1) or 48 h (for NP460), the cells were harvested and analyzed with flow cytometry. 
NP460 cells were treated for longer because they have a slower doubling time than the NPC cells. The positions of 2N and 4N DNA 
contents are indicated.
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Both HONE1 (Figure 4A) and HNE1 (Figure 4B) responded 
to WEE1i with a repression of CDK1Tyr15 phosphorylation 
and accumulation of histone H3Ser10 phosphorylation. The 
cells eventually underwent apoptosis, as indicated by 
the appearance of cleaved PARP1. Although NPC cells 
were also more sensitive to CHK1i than nasopharyngeal 
epithelial cells, the differences were not as remarkable as 
WEE1i. The cell cycle was disrupted after NP460 cells were 
treated with high concentrations of CHK1i (Figure 3).

Given that NPC cells were significantly more 
sensitive than nasopharyngeal epithelial cells to WEE1i, 
we also evaluated the effects of WEE1 inhibition on 
NPC growth in animal tumor models. HONE1 cells 
were injected subcutaneously into nude mice; and 
WEE1i was delivered using a fractionated dose approach 
(administrated daily from Day = 0 to 4). Figure 4C shows 
that treatment with WEE1i reduced the rate of tumor 
growth; tumor size increased again only after the treatment 
ended. These results indicated that WEE1i inhibited NPC 
growth in xenograft mouse models.

Collectively, these data indicated as standalone 
agents, CHK1i and WEE1i (but not ATRi and ATMi) could 
stimulate mitotic catastrophe in NPC cells and inhibit NPC 
cell growth. Moreover, NPC cells were more sensitive to 
WEE1i than nasopharyngeal epithelial cells.

Synergism in targeting CHK1/CHK2 and WEE1 
together in NPC cells

A general approach for target therapies is to utilize 
minimum drug concentrations to reduce non-specific 
effects and general toxicity. A growing body of evidence 
indicates that targeting CHK1/CHK2 and WEE1 together 
can increase cytotoxicity in a variety of cancer cell types 
[16]. We also tested if mitotic catastrophe can be induced 
when CHK1/CHK2 and WEE1 are targeted together 
in NPC cells. Sublethal concentrations of CHK1i and 
WEE1i that did not trigger mitotic catastrophe on their 
own were used. While CHK1i or WEE1i individually  
did not significantly affect cell cycle progression, 
combination of the two inhibitors increased accumulation 
of cells with G2/M and sub-G1 DNA contents (Figure 5A). 
As anticipated from the alteration of the cell cycle, cell 
proliferation was reduced by combining CHK1i and 
WEE1i (Figure 5B). Among the checkpoint inhibitors 
tested, only CHK1i and WEE1i displayed significant 
synergism in NPC cells (Figure 5C). Collectively, these 
data indicate that targeting CHK1/CHK2 and WEE1 
together induces more mitotic catastrophe than the 
individual components alone.

DISCUSSION

Here we demonstrated that several checkpoint 
inhibitors could disrupt the G2 DNA damage checkpoint 
in NPC cells. These included inhibitors against WEE1, 

CHK1/CHK2, and ATR in both HONE1 cells (Figure 2) 
and HNE1 cells (Figure S2). An interesting finding is that 
the ATMi used (KU-60019) was not effective in disrupting 
the IR-induced checkpoint in NPC cells. One possibility 
is that both ATM and ATR were activated by IR and that 
ATR played a more important role in maintaining the 
checkpoint. In other cell types including HeLa (Figure S4) 
[24] and osteosarcoma [25], checkpoint abrogation 
by inhibition of WEE1 results in extensive mitotic 
catastrophe. In NPC cells, however, premature mitosis 
induced in the presence of DNA damage did not result 
in mitotic catastrophe (Figures 2, S2, S5). As relatively 
high dose of IR was used (10 Gy), it is unlikely that cells 
were able to repair the double-strand breaks at the time of 
checkpoint abrogation.

As a standalone agent, CHK1i is believed to 
trigger DNA damage through unscheduled initiation of 
DNA replication [15]. WEE1i has also been shown to be 
effective as a standalone agent in various cancer cell lines 
[26, 27]. Although remains to be formally established, it 
is likely that WEE1i also triggers DNA damage through 
similar mechanisms as CHK1i. It should be noted that 
as CHK1/CHK2 regulates both WEE1 and CDC25s, it 
is likely that CHK1i and WEE1i do not induce identical 
effects.

Several lines of evidence indicated that CHK1i 
and WEE1i induced mitotic catastrophe in NPC cells, 
including an accumulation of G2/M cells (Figures 3, S6), 
histone H3Ser10 phosphorylation (Figure 4A, 4B), and 
apoptosis (Figure 4A, 4B). Significantly, nasopharyngeal 
epithelial cells were less sensitive to CHK1i and WEE1i 
(Figure 3). The protein expression of CHK1 and WEE1 
in NPC and nasopharyngeal epithelial cells (Figure 1) 
indicated a correlation with drug sensitivity. One 
possibility is that as the DNA damage checkpoint circuitry 
is re-wired by constitutive overexpression of checkpoint 
kinases, the cell may become more dependent on these 
kinases. Indeed, it has become increasingly clear that 
DNA damage checkpoints are dysregulated in NPC [17]. 
For example, the Epstein-Barr virus latent protein LMP1 
disrupts the checkpoint by hindering CHK1 activation 
[28]. It has been reported that cancer cells lacking p53 are 
particularly sensitive to WEE1i [20]. It is noteworthy that 
both p53 positive (HNE1) [29] and p53-mutated (HONE1) 
[30] NPC cell lines were sensitive to WEE1i in this study.

Our studies also indicated that in contrast to CHK1i 
and WEE1i, ATRi was relatively ineffective on NPC cells 
(Figures 3, S6). Given that the Ki of the ATRi (VE-821) is 
6 nM (> 600-fold selectivity over related kinases ATM or 
DNA-PK) [22], the concentrations used in this study were 
expected to be sufficient to inhibit ATR. Accordingly, the 
G2 DNA damage checkpoint was readily uncoupled by 
ATRi, leading to mitotic entry (Figure 2D). Although the 
mechanistic basis of the relatively weak cytotoxicity of 
ATRi compare to CHK1i/WEE1i remains to be defined, our 
observations suggest that targeting different components of 
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the checkpoint kinase cascade may not be equally effective 
in NPC cells.

Challenging NPC cells with CHK1i and WEE1i 
together induced more extensive mitotic catastrophe 

than the individual drugs alone (Figure 5). These results 
are consistent with the synergistic effects of CHK1i and 
WEE1i observed in other cancer cell lines such as cervical 
carcinoma [31]. WEE1i (MK-1775) also acts synergistically 

Figure 4: Inhibition of WEE1 induces mitotic catastrophe and inhibits cell growth. A. WEE1i promotes mitotic catastrophe 
in HONE1 cells. HONE1 cells were incubated with either buffer or increasing concentrations of WEE1i (100 nM, 250 nM, 500 nM, and 
1 μM) for 24 h. Lysates were prepared and the expression of the indicated proteins was detected with immunoblotting. Equal loading of 
lysates was confirmed by immunoblotting for actin. B. WEE1i promotes mitotic catastrophe in HNE1 cells. HNE1 cells were incubated 
with either buffer or increasing concentrations of WEE1i (100 nM, 250 nM, 500 nM, and 1 μM) for 24 h. Lysates were prepared and the 
expression of the indicated proteins was detected with immunoblotting. Equal loading of lysates was confirmed by immunoblotting for 
actin. C. WEE1i inhibits tumor growth in mouse xenografts. HONE1 cells were injected subcutaneously into nude mice. WEE1i (closed 
arrow head) was delivered at the indicated time points as described in Materials and Methods. The volume of the tumor was measured on 
different days (mean ± SD; n = 3).
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with other CHK1 inhibitors including AR458323 [32],  
PF-00477736 [33] [34], and MK-8776 [35] in reducing 
cell growth in a variety of cancers. Our results suggest that 

although NPC cells already appeared to be more sensitive 
to WEE1i than non-cancer cells, the cytotoxicity could be 
further increased by combinatorial treatment with CHK1i.

Figure 5: Synergism between chemicals that target CHK1/CHK2 and WEE1 in NPC cells. A. Co-inhibition of CHK1/
CHK2 and WEE1 disrupts the cell cycle. HONE1 cells were exposed to the indicated concentrations of CHK1i and WEE1i individually 
or in combination. After 24 h, the cells were harvested and analyzed with flow cytometry. B. Co-inhibition of CHK1/CHK2 and WEE1 
abolishes cell proliferation. HONE1 cells expressing infrared fluorescent protein iRFP were used so that the relative cell number could 
be detected using infrared imaging systems. The cells (~200) were seeded onto 6-well culture plates and cultured in the presence of the 
indicated combination of WEE1i (250 nM) and CHK1i (100 nM). After 24 h, the cells were washed gently and propagated in normal 
medium. The plate was scanned daily with an Odyssey infrared imaging system and the iRFP signal was quantified. C. Not all chemicals 
targeting the checkpoint kinase cascade show synergism. HONE1 cells were treated with combinations of WEE1i (250 nM), CHK1i 
(250 nM), ATRi (5 μM), and ATMi (5 μM) as indicated. The cells were harvested 24 h later for flow cytometry analysis.
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MATERIALS AND METHODS

Cell culture

NPC cell lines C666-1 [36], CNE2 [37], HNE1 
[19], and HONE1 [19] were obtained from NPC AoE 
Cell Line Repository (The University of Hong Kong). 
The HeLa used in this study was a clone that expressed 
the tTA tetracycline repressor chimera [38]. Normal 
human lymphoblastoid cells (GM03798), and A-T 
lymphoblastoid cells (GM03189D) were obtained from 
Coriell Cell Repositories (Camden, NJ, USA). Cells were 
propagated in RPMI1640 (for C666-1 and lymphoblasts) 
or DMEM (for other cell lines) supplemented with 
10%(v/v) calf serum (Life Technologies, Carlsbad, CA, 
USA) (for HeLa) or 5%(v/v) calf serum and 5%(v/v) 
fetal bovine serum (Life Technologies) (for CNE2 and 
HNE1), 15%(v/v) fetal bovine serum (for lymphoblasts), 
or 10%(v/v) fetal bovine serum (for other cell lines) and 
50 U/ml penicillin streptomycin (Life Technologies). 
Telomerase-immortalized nasopharyngeal epithelial cell 
lines NP361, NP460, and NP550 [39] were propagated 
in keratinocyte serum-free medium supplemented with 
50% v/v Epilife and 50 U/ml penicillin-streptomycin (Life 
Technologies).

HeLa cells stably expressing histone H2B-
GFP were generated as described previously [40]. 
HONE1 and HNE1 expressing histone H2B-mRFP 
were generated by infecting the cells with histone 
H2B-mRFP-expressing retroviruses in the presence of  
5 μg/ml of polybrene (Sigma-Aldrich). The transduced 
cells were selected with 200 μg/ml of hygromycin B 
(Life Technologies) for ~2 weeks before individual 
colonies were isolated. A NP460 cell line expressing 
histone H2B-GFP was generated by infecting NP460 
cells with histone H2B-GFP-expressing retroviruses in 
the presence of 5 μg/ml of polybrene. The transduced 
cells were selected with 5 μg/ml of blasticidin 
(Life Technologies) for ~2 weeks before individual 
colonies were isolated. HONE1 cells expressing 
iRFP were generated by transfecting cells with an  
iRFP-expressing construct [41] followed by sorting with 
a flow cytometer (FACSAria IIIu, Becton Dickinson, 
Franklin Lakes, NJ, USA) using a 633-nm laser for 
excitation. The cells were propagated for one week 
before being sorted again. Three rounds of sorting were  
performed.

Unless stated otherwise, cells were treated with the 
following reagents at the indicated final concentration: 
AZD7762 (Selleck Chemicals Houston, TX, USA),  
KU-60019 (Selleck Chemicals; 5 μM), MK-1775 (Selleck 
Chemicals), nocodazole (Sigma-Aldrich; 0.1 μg/ml), 
and VE-821 (Selleck Chemicals; 2.5 μM). Trypan blue 
analysis [42] and preparation of cell-free extracts were 
performed as described previously [43].

RNA interference

Cells were transfected with siRNA (10 nM) using 
Lipofectamine™ RNAiMAX (Life Technologies, 
Carlsbad, CA, USA). Stealth siRNA targeting CHK1 
(GGCUUGGCAACAGUAUUUCGGUAUA) and WEE1 
(CCUCAGGACAGUGUCGUCGUAGAAA) were 
obtained from Life Technologies.

Flow cytometry

Flow cytometry analysis after propidium iodide 
staining was performed as described previously [42].

Ionizing radiation

IR was delivered with a caesium137 source from a 
MDS Nordion (Ottawa, Canada) Gammacell 1000 Elite 
Irradiator.

Infrared imaging

Cell proliferation was measured using a method 
involving the expression of an infrared fluorescent protein 
iRFP in cells [41, 44]. Infrared signals were quantified 
with an Odyssey CLx system (LI-COR Biosciences, 
Lincoln, NE, USA).

Live-cell imaging

Cells were seeded onto 24-well culture plates and 
imaged using a Ti-E inverted fluorescence microscope 
(Nikon, Tokyo, Japan) equipped with an ultra-low noise 
sCMOS camera (Andor Technology, Belfast, UK) and 
a TC temperature, humidity, and CO2 control system 
(Chamlide, Live Cell Instrument, Seoul, Korea). Data 
acquisition was carried out at 5 min/frame.

Antibodies and immunological methods

Antibodies against CDK1 [45] and cyclin B1 [40] 
were obtained from sources as described previously. 
Antibodies against β-actin (Sigma-Aldrich), γH2AX 
(Bethyl Laboratories, Montgomery, TX, USA), ATR, 
ATM, CHK1, CHK2, phospho-histone H3Ser10, and WEE1 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
phospho-CDK1Tyr15 and cleaved PARP1(Asp214) (BD 
Biosciences, Franklin Lakes, NJ, USA) were obtained 
from the indicated suppliers. Immunoblotting was 
performed as described [43].

Tumor xenograft

HONE1 cells (2 × 107) were injected subcutaneously 
into both sides of the dorsa of 4–6-week-old female 
BALB/c athymic (nude) mice. Tumors were measured 
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using a Vernier caliper. Volume was calculated according 
to the formula: π/6 × length × width2 [46]. Day = 0 was 
designated as when the tumor volume was ~100 mm3. 
MK-1775 (50 mg/kg, i.p.) was administrated daily from 
Day = 0 to 4. Mice were killed when tumors in the control 
group reached 1,000 mm3.

ACKNOWLEDGMENTS

We thank Nelson Lee and Qiang Li for technical 
assistance. This work was supported in part by the 
Research Grants Council grants 662213 and AOE-
MG/M-08/06 to R.Y.C.P..

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. 
Global cancer statistics. CA Cancer J Clin. 2011; 61:69–90.

2. Chan AT, Felip E. Nasopharyngeal cancer: ESMO clinical 
recommendations for diagnosis, treatment and follow-up. 
Ann Oncol. 2009; 20:123–5.

3. Lee AW, Poon YF, Foo W, Law SC, Cheung FK, Chan DK, 
Tung SY, Thaw M, Ho JH. Retrospective analysis of 5037 
patients with nasopharyngeal carcinoma treated dur-
ing 1976–1985: overall survival and patterns of failure. 
Int J Radiat Oncol Biol Phys. 1992; 23:261–70.

4. Chen Y, Poon RY. The multiple checkpoint functions of 
CHK1 and CHK2 in maintenance of genome stability. Front 
Biosci. 2008; 13:5016–29.

5. Ma HT, Poon RY. How protein kinases co-ordinate mitosis 
in animal cells. Biochem J. 2011; 435:17–31.

6. O’Connell MJ, Raleigh JM, Verkade HM, Nurse P. Chk1 is 
a wee1 kinase in the G2 DNA damage checkpoint inhibiting 
cdc2 by Y15 phosphorylation. EMBO J. 1997; 16:545–54.

7. Rhind N, Furnari B, Russell P. Cdc2 tyrosine phosphoryla-
tion is required for the DNA damage checkpoint in fission 
yeast. Genes Dev. 1997; 11:504–11.

8. Rothblum-Oviatt CJ, Ryan CE, Piwnica-Worms H. 14-3-3 
binding regulates catalytic activity of human Wee1 kinase. 
Cell Growth Differ. 2001; 12:581–9.

9. Lee J, Kumagai A, Dunphy WG. Positive regulation of 
Wee1 by Chk1 and 14-3-3 proteins. Mol Biol Cell. 2001; 
12:551–63.

10. Chow JPH, Poon RYC, : Mitotic catastrophe. In: Enders, G, 
ed(s). Cell Cycle Deregulation in Cancer. New York: 
Springer,2010:7996

11. Brown EJ, Baltimore D. ATR disruption leads to chro-
mosomal fragmentation and early embryonic lethality. 
Genes Dev. 2000; 14:397–402.

12. de Klein A, Muijtjens M, van Os R, Verhoeven Y, Smit B, 
Carr AM, Lehmann AR, Hoeijmakers JH. Targeted disrup-
tion of the cell-cycle checkpoint gene ATR leads to early 
embryonic lethality in mice. Curr Biol. 2000; 10:479–82.

13. Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, 
Tamai K, Luo G, Carattini-Rivera S, DeMayo F, Bradley A, 
Donehower LA, Elledge SJ. Chk1 is an essential kinase that 
is regulated by Atr and required for the G(2)/M DNA dam-
age checkpoint. Genes Dev. 2000; 14:1448–59.

14. Tominaga Y, Li C, Wang RH, Deng CX. Murine Wee1 
plays a critical role in cell cycle regulation and pre- 
implantation stages of embryonic development. Int J Biol 
Sci. 2006; 2:161–70.

15. Sorensen CS, Syljuasen RG. Safeguarding genome integ-
rity: the checkpoint kinases ATR, CHK1 and WEE1 restrain 
CDK activity during normal DNA replication. Nucleic 
Acids Res. 2012; 40:477–86.

16. Vriend LE, De Witt Hamer PC, Van Noorden CJ, 
Wurdinger T. WEE1 inhibition and genomic instability in 
cancer. Biochim Biophys Acta. 2013; 1836:227–35.

17. Poon RY. DNA damage checkpoints in nasopharyngeal car-
cinoma. Oral Oncol. 2014; 50:339–44.

18. Feng Z, Xu S, Liu M, Zeng YX, Kang T. Chk1 inhibitor 
Go6976 enhances the sensitivity of nasopharyngeal carci-
noma cells to radiotherapy and chemotherapy in vitro and 
in vivo. Cancer Lett. 2010; 297:190–7.

19. Glaser R, Zhang HY, Yao KT, Zhu HC, Wang FX, Li GY, 
Wen DS, Li YP. Two epithelial tumor cell lines latently 
infected with Epstein-Barr virus that were derived from 
nasopharyngeal carcinomas. Proc Natl Acad Sci U S A. 
1989; 86:9524–8.

20. Hirai H, Iwasawa Y, Okada M, Arai T, Nishibata T, 
Kobayashi M, Kimura T, Kaneko N, Ohtani J, 
Yamanaka K, Itadani H, Takahashi-Suzuki I, Fukasawa K, 
Oki H, Nambu T, Jiang J, Sakai T, Arakawa H, 
Sakamoto T, Sagara T, Yoshizumi T, Mizuarai S, Kotani H. 
Small-molecule inhibition of Wee1 kinase by MK-1775 
selectively sensitizes p53-deficient tumor cells to DNA-
damaging agents. Mol Cancer Ther. 2009; 8:2992–3000.

21. Zabludoff SD, Deng C, Grondine MR, Sheehy AM, 
Ashwell S, Caleb BL, Green S, Haye HR, Horn CL, 
Janetka JW, Liu D, Mouchet E, Ready S, Rosenthal JL, 
Queva C, Schwartz GK, Taylor KJ, Tse AN, Walker GE, 
White AM. AZD7762, a novel checkpoint kinase inhibitor, 
drives checkpoint abrogation and potentiates DNA-targeted 
therapies. Mol Cancer Ther. 2008; 7:2955–66.

22. Charrier JD, Durrant SJ, Golec JM, Kay DP, Knegtel RM, 
MacCormick S, Mortimore M, O’Donnell ME, Pinder JL, 
Reaper PM, Rutherford AP, Wang PS, Young SC, 
Pollard JR. Discovery of potent and selective inhibitors 
of ataxia telangiectasia mutated and Rad3 related (ATR) 
protein kinase as potential anticancer agents. J Med Chem. 
2011; 54:2320–30.



Oncotarget21084www.impactjournals.com/oncotarget

23. Golding SE, Rosenberg E, Valerie N, Hussaini I, 
Frigerio M, Cockcroft XF, Chong WY, Hummersone M, 
Rigoreau L, Menear KA, O’Connor MJ, Povirk LF, 
van Meter T, Valerie K. Improved ATM kinase inhibi-
tor KU-60019 radiosensitizes glioma cells, compro-
mises insulin, AKT and ERK prosurvival signaling, and 
inhibits migration and invasion. Mol Cancer Ther. 2009; 
8:2894–902.

24. On KF, Chen Y, Ma HT, Chow JP, Poon RY. Determinants 
of mitotic catastrophe on abrogation of the G2 DNA dam-
age checkpoint by UCN-01. Mol Cancer Ther. 2011; 
10:784–94.

25. PosthumaDeBoer J, Wurdinger T, Graat HC, 
van Beusechem VW, Helder MN, van Royen BJ, 
Kaspers GJ. WEE1 inhibition sensitizes osteosarcoma to 
radiotherapy. BMC Cancer. 2011; 11:156.

26. Guertin AD, Li J, Liu Y, Hurd MS, Schuller AG, Long B, 
Hirsch HA, Feldman I, Benita Y, Toniatti C, Zawel L, 
Fawell SE, Gilliland DG, Shumway SD. Preclinical evalu-
ation of the WEE1 inhibitor MK-1775 as single-agent anti-
cancer therapy. Mol Cancer Ther. 2013; 12:1442–52.

27. Kreahling JM, Gemmer JY, Reed D, Letson D, Bui M, 
Altiok S. MK1775, a selective Wee1 inhibitor, shows 
single-agent antitumor activity against sarcoma cells. Mol 
Cancer Ther. 2012; 11:174–82.

28. Deng W, Pang PS, Tsang CM, Hau PM, Yip YL, 
Cheung AL, Tsao SW. Epstein-Barr virus-encoded latent 
membrane protein 1 impairs G2 checkpoint in human naso-
pharyngeal epithelial cells through defective Chk1 activa-
tion. PLoS One. 2012; 7:e39095.

29. Sun Y, Hegamyer G, Cheng YJ, Hildesheim A, Chen JY, 
Chen IH, Cao Y, Yao KT, Colburn NH. An infrequent point 
mutation of the p53 gene in human nasopharyngeal carci-
noma. Proc Natl Acad Sci U S A. 1992; 89:6516–20.

30. Spruck CHr, Tsai YC, Huang DP, Yang AS, Rideout WMr, 
Gonzalez-Zulueta M, Choi P, Lo KW, Yu MC, Jones PA. 
Absence of p53 gene mutations in primary nasopharyngeal 
carcinomas. Cancer Res. 1992; 52:4787–90.

31. Mak JP, Man WY, Ma HT, Poon RY. Pharmacological 
targeting the ATR-CHK1-WEE1 axis involves balancing 
cell growth stimulation and apoptosis. Oncotarget. 2014; 
5:10546–57.

32. Davies KD, Cable PL, Garrus JE, Sullivan FX, 
von Carlowitz I, Huerou YL, Wallace E, Woessner RD, 
Gross S. Chk1 inhibition and Wee1 inhibition combine 
synergistically to impede cellular proliferation. Cancer Biol 
Ther. 2011; 12:788–96.

33. Carrassa L, Chila R, Lupi M, Ricci F, Celenza C, 
Mazzoletti M, Broggini M, Damia G. Combined inhibition of 
Chk1 and Wee1: in vitro synergistic effect translates to tumor 
growth inhibition in vivo. Cell Cycle. 2012; 11:2507–17.

34. Chila R, Basana A, Lupi M, Guffanti F, Gaudio E, 
Rinaldi A, Cascione L, Restelli V, Tarantelli C, Bertoni F, 

Damia G, Carrassa L. Combined inhibition of Chk1 and 
Wee1 as a new therapeutic strategy for mantle cell lym-
phoma. Oncotarget 2014.

35. Guertin AD, Martin MM, Roberts B, Hurd M, Qu X, 
Miselis NR, Liu Y, Li J, Feldman I, Benita Y, Bloecher A, 
Toniatti C, Shumway SD. Unique functions of CHK1 and 
WEE1 underlie synergistic anti-tumor activity upon phar-
macologic inhibition. Cancer Cell Int. 2012; 12:45.

36. Cheung ST, Huang DP, Hui AB, Lo KW, Ko CW, 
Tsang YS, Wong N, Whitney BM, Lee JC. Nasopharyngeal 
carcinoma cell line (C666-1) consistently harbouring 
Epstein-Barr virus. Int J Cancer. 1999; 83:121–6.

37. Sizhong Z, Xiukung G, Yi Z. Cytogenetic studies on an 
epithelial cell line derived from poorly differentiated naso-
pharyngeal carcinoma. Int J Cancer. 1983; 31:587–90.

38. Yam CH, Siu WY, Lau A, Poon RY. Degradation of cyclin 
A does not require its phosphorylation by CDC2 and cyclin-
dependent kinase 2. J Biol Chem. 2000; 275:3158–67.

39. Li HM, Man C, Jin Y, Deng W, Yip YL, Feng HC, 
Cheung YC, Lo KW, Meltzer PS, Wu ZG, Kwong YL, 
Yuen AP, Tsao SW. Molecular and cytogenetic changes 
involved in the immortalization of nasopharyngeal epithe-
lial cells by telomerase. Int J Cancer. 2006; 119:1567–76.

40. Chan YW, Ma HT, Wong W, Ho CC, On KF, Poon RY. 
CDK1 inhibitors antagonize the immediate apoptosis trig-
gered by spindle disruption but promote apoptosis follow-
ing the subsequent rereplication and abnormal mitosis. Cell 
Cycle. 2008; 7:1449–61.

41. Ma HT, Erdal S, Huang S, Poon RY. Synergism between 
inhibitors of Aurora, A, and KIF11 overcomes KIF15-
dependent drug resistance. Molecular Oncology 2014. in 
press.

42. Siu WY, Arooz T, Poon RY. Differential responses of pro-
liferating versus quiescent cells to adriamycin. Exp Cell 
Res. 1999; 250:131–41.

43. Poon RY, Toyoshima H, Hunter T. Redistribution of the 
CDK inhibitor p27 between different cyclin.CDK com-
plexes in the mouse fibroblast cell cycle and in cells arrested 
with lovastatin or ultraviolet irradiation. Mol Biol Cell. 
1995; 6:1197–213.

44. Hock AK, Lee P, Maddocks OD, Mason SM, Blyth K, 
Vousden KH. iRFP is a sensitive marker for cell number 
and tumor growth in high-throughput systems. Cell Cycle. 
2013; 13.

45. Siu WY, Lau A, Arooz T, Chow JP, Ho HT, Poon RY. 
Topoisomerase poisons differentially activate DNA dam-
age checkpoints through ataxia-telangiectasia mutated-
dependent and -independent mechanisms. Mol Cancer Ther. 
2004; 3:621–32.

46. Tomayko MM, Reynolds CP. Determination of subcutane-
ous tumor size in athymic (nude) mice. Cancer Chemother 
Pharmacol. 1989; 24:148–54.


