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Checkpoint kinases Chk1 and Chk2 are two key components 
in the DNA damage-activated checkpoint signaling pathways. To 
distinguish the roles of Chk1 and Chk2 in S and G2 checkpoints 
after DNA damage, derivatives of the human breast cancer cell line 
MDA-MB-231 were established that express short hairpin RNAs 
to selectively suppress Chk1 or Chk2 expression. DNA damage was 
induced with the topoisomerase I inhibitor SN38 which arrests 
cells in S or G2 phase depending on concentration. Depletion 
of Chk1 resulted in loss of S phase arrest upon incubation with 
SN38, but the cells still arrested in G2. Suppression of Chk2 had no 
impact on cell cycle arrest, while cells concurrently suppressed for 
both Chk1 and Chk2 still arrested primarily in G2 suggesting the 
presence of an alternate checkpoint regulator. One critical target for 
Chk1 is Cdc25A which is phosphorylated and degraded to prevent 
cell cycle progression. Cells arrested in G2 in the absence of Chk1/
Chk2 still showed regulation of Cdc25A consistent with the action 
of an alternate kinase. One candidate for an alternate checkpoint 
kinase is MAPKAPK2 (MK2), yet this kinase was minimally acti-
vated by DNA damage and its inhibition did not facilitate either 
S or G2 progression. Furthermore, we were unable to substantiate 
the recent observation that the Chk1 inhibitor UCN-01 inhibits 
MK2. These results show that Chk1, but neither Chk2 nor MK2, 
is an important regulator of S phase arrest, and suggest that an 
additional kinase can contribute to the G2 arrest.

Introduction

DNA damage-activated checkpoints have evolved as a network of 
cellular signaling pathways to ensure accuracy of DNA replication and 
segregation of chromosomes at mitosis. These cell cycle checkpoints 
arrest or delay cell cycle progression either in the G1 phase before 

DNA replication, in S phase during DNA replication, or in G2 phase 
before mitosis.1,2 Dysregulation of cell cycle checkpoints can increase 
susceptibility to mutations, genomic instability and tumorigenesis.3,4 
The majority of human cancers have an impaired G1 checkpoint 
because of a defective p53 pathway.5 Hence, cancer cells rely on S and 
G2 checkpoints to provide adequate time for repair of DNA damage 
so they can survive. Drugs that disrupt S or G2 checkpoints may 
selectively enhance killing of cancer cells by DNA-damaging anti-
cancer drugs or γ-radiation. Elucidating the molecular mechanisms 
of cell cycle checkpoint regulation is thus of great interest in order to 
better manipulate the pathways for cancer therapy.

Cell cycle progression requires a series of phosphorylation and 
dephosphorylation events carried out by protein kinases and phos-
phatases. The activation of cyclin-dependent protein kinases (Cdks) 
complexed with cyclins drives cells through S (Cdk2/cyclin E) and G2 
(Cdk1/cyclin B). One crucial step required for this activation is the 
dephosphorylation of Thr14 and Tyr15 of each Cdk which is medi-
ated by dual-specificity Cdc25 phosphatases, resulting in progression 
through the next phase of the cell cycle.6 When DNA breaks or 
stalled replication forks are sensed, the Cdk/cyclin complex can be 
reversibly inactivated due to inhibition of the Cdc25 phosphatases. 
Chk1 and Chk2 are the two kinases activated by DNA damage that 
have been implicated in inhibiting the Cdc25 phosphatases. Chk1/2 
mediate S phase arrest through phosphorylation of Cdc25A resulting 
in its proteolysis and thereby failure to activate Cdk2.7,8 Chk1/2 
also mediate G2 arrest by phosphorylating Cdc25C resulting in its 
sequestration in an inactive complex with 14-3-3.9

The relative roles of Chk1 and Chk2 in cell cycle arrest remain to 
be fully resolved. Chk1 and Chk2 differ in the type of DNA damage 
and signaling pathways that activate them. DNA double-strand 
breaks and stalled replication forks activate the protein kinases ATM 
and ATR, respectively. Subsequently, ATR directly activates Chk1, 
while ATM directly activates Chk2, but importantly, ATM can 
also activate Chk1 using ATR as an intermediary.10,11 It has been 
suggested that Chk1 and Chk2 play redundant roles in checkpoint 
regulation based on the fact that they share overlapping substrates 
including the Cdc25 phosphatases.10,12,13 However, they clearly 
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have different roles as Chk1 is essential for mammalian embryonic 
development and viability, while Chk2-deficiency affects neither 
viability nor fertility.(2451,2066,2062) Considerable research using 
primarily siRNA technology has investigated the relative importance 
of Chk1 and Chk2 and the consistent conclusion is that Chk1 is 
critical for S and G2 arrest in damaged cells, while Chk2 fails to 
impact arrest.14-18 Chk2 has been implicated in signaling through 
p53, and mutations in Chk2 were originally thought to lead to a Li-
Fraumeni syndrome suggesting that Chk2 and p53 are involved in 
the same signaling pathway.19 However, attempts to directly impli-
cate Chk2 in p53 regulation have failed to convincingly establish this 
connection.20-22 Hence we are left with the situation in which Chk1 
appears critical for S and G2 cell cycle arrest while the function for 
Chk2 remains elusive.

The idea that checkpoint inhibitors could have therapeutic value 
was initially recognized with caffeine which was shown to drive 
G2-arrested cells through a lethal mitosis.23,24 This activity was 
subsequently shown to be selective for p53-defective cells.25 The 
target for caffeine was identified as ATM and ATR.26 Unfortunately, 
caffeine cannot be administered safely to patients at concentrations 
high enough to abrogate cell cycle arrest. We subsequently identified 
another checkpoint inhibitor, 7-hydroxystaurosporine (UCN-01), as 
being 100,000 times more potent than caffeine and it also abrogated 
DNA damage-induced arrest selectively in p53-defective cells.27-

29 The molecular target of UCN-01 for checkpoint abrogation is 
Chk1.30,31 Although UCN-01 has also been reported to inhibit 
Chk2,32 this is controversial, and results presented here establish 
that UCN-01 does not inhibit Chk2 in cells. These observations 
are consistent with the critical role for Chk1 in regulating S and G2 
arrest, and further suggest that Chk2 does not inhibit Cdc25A/C 
despite initial data showing that both Chk1 and Chk2 could target 
these phosphatases.

Most previous studies have used transient suppression of Chk1 
and Chk2 in short-term RNAi experiments and have primarily used 
γ-radiation to induce DNA damage. As the goal of our studies is to 
use Chk1 inhibitors to enhance therapy of systemically administered 
drugs, we have extended these analyses to assess the role of Chk1 and 
Chk2 in a p53-defective cell line incubated with the topoisomerase 
I inhibitor SN38. We have constitutively expressed shRNA that 
suppress Chk1, Chk2, or both kinases in the human breast cancer 
cell line MDA-MB-231. We find that Chk1 is critical for S phase 
arrest induced by SN38, whereas Chk2 has no impact. However, 
cells lacking both Chk1 and Chk2 retain the ability to arrest in G2. 
One critical target of Chk1/2 is Cdc25A which is still degraded in 
arrested cells thereby providing evidence that other checkpoint regu-
lators can mediate the turnover of Cdc25A and induce arrest in the 
absence of Chk1 and/or Chk2. It has recently been demonstrated 
that MAPKAPK2 (MK2) is an alternate regulator of S and G2 arrest, 
and is also sensitive to UCN-01.33,34 However, MK2 was minimally 
activated by SN38 and its inhibition did not abrogate arrest. Hence, 
there must be an alternate regulator of G2 arrest and this may provide 
a target to improve the therapeutic impact of DNA damaging agents 
in p53-defective tumors.

Results

Chk1 is critical for S phase arrest in MDA-MB-231 cells. We 
have shown previously that the topoisomerase I inhibitor SN38 

induces a concentration dependent arrest of MDA-MB-231 cells; low 
concentrations induce G2 arrest while increasingly higher concentra-
tions cause arrest at late, mid or early S phase.35 We have also shown 
that both Chk1 and Chk2 are activated in these cells in response to 
SN38 treatment. However, the individual contribution of Chk1 and 
Chk2 to S or G2 phase arrest has not yet been directly demonstrated 
in this model. To elucidate whether Chk1 or Chk2 are required for 
DNA damage-induced arrest, or can compensate for loss of each 
other, Chk1 and/or Chk2 expression were inhibited by shRNA 
(Fig. 1A). Results in Figure 1B show the expected concentration-
dependent arrest of the parental MDA-MB-231 cells following a 24 
h incubation with SN38. Suppression of Chk1 dramatically altered 
this pattern of arrest. At the lowest concentrations of SN38, less G2 
arrest occurred, but at higher concentrations, the cells arrested almost 
exclusively in G2/M, with just a few cells arresting in late S phase. 
These results suggest that Chk1 is critical for S phase arrest in these 
cells. In contrast, MDA-MB-231/ΔChk2 cells showed a pattern of 
arrest similar to the wildtype cells suggesting Chk2 is not required 
for S phase arrest.

To further establish the role of Chk1 in G2 arrest, it was neces-
sary to resolve whether the ΔChk1 cells observed by flow cytometry 
as arrested in G2/M were in fact in G2 or M. Geminin is a marker 
of cells in S and G2; it is proteolyzed in mitosis and does not accu-
mulate again until cells enter S.36 While phosphorylation of histone 
H3 is frequently used as a marker of mitosis, this is only a transient 
signal that can not be used to detect post-mitotic tetraploid cells. 
This limitation is resolved by using geminin. Using 2-dimensional 
flow cytometry we established that 89% of the cells in G2/M 
retained elevated levels of geminin indicating they were arrested in 
G2 (Fig. 2). These results suggest that Chk1 is not essential for G2 
arrest.

We next questioned whether the G2 arrest observed in ΔChk1 
cells might be attributable to the continued expression of Chk2. We 
were able to generate a cell line that was suppressed for both Chk1 
and Chk2, and these cells showed an arrest pattern similar to those 
suppressed only for Chk1 (Fig. 1B). The presence of the G2 arrest in 
these cells was confirmed by geminin staining (Fig. 2) and suggests 
that Chk2 does not contribute to either the S or G2 arrest. These 
results raise an important question as to what alternate proteins are 
responsible for G2 arrest in the absence of both Chk1 and Chk2.

The G2 arrest observed in the ΔChk1 cells was a surprise as we 
have previously shown that the Chk1 inhibitor UCN-01 can abro-
gate both S and G2 arrest in SN38-damaged MDA-MB-231 cells.35 
However, in our previous experiments, UCN-01 was added after the 
cells had arrested, whereas shRNA causes constitutive suppression 
of each checkpoint kinase. We therefore investigated the impact of 
adding UCN-01 concurrently with SN38 in the MDA-MB-231 
parent cell line to determine whether the outcome would be similar 
to that seen in the ΔChk1 derivative. UCN-01 at 15 nM is suffi-
cient to abrogate both S and G2 arrest in the parental cell line when 
added after arrest has been established35 (see also Fig. 6). Concurrent 
incubation with SN38 plus 15 nM UCN-01 resulted in accumula-
tion of most of the cells in the G2/M phase (Fig. 1C). Analysis of 
geminin showed that 84% of these cells remained in G2 (Fig. 2). 
These results are similar to those obtained in the ΔChk1 derivatives 
further suggesting that another mechanism of G2 arrest can occur 
that is independent of Chk1.
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Analysis of checkpoint regulatory proteins in MDA-MB-231 
cells. To better understand the mechanisms by which S and G2 
arrest are regulated in these cell lines in response to SN38, western 
analysis was performed on cell lysates to assess the status of various 
checkpoint-related proteins (Fig. 3). Cells were incubated with 10 
ng/ml SN38, a concentration that causes arrest of the parent cell 
line in mid-S phase after a 24 h incubation. Additionally, cells were 
concurrently treated with 15 nM UCN-01 in parallel to experi-
ments presented above. Representative flow cytometry of the cell 
cycle distribution for these latter samples is shown in Figure 2. It 
should be noted that following concurrent incubation with SN38 
and UCN-01, the majority of cells were arrested in G2/M. Geminin 
staining showed that >80% of the G2/M arrested parent and ΔChk2 
cells were in G2. In the derivatives that are suppressed for Chk1, 
some of the G2/M cells appear to have entered mitosis, although 
>50% remain in G2.

In the parental cell line, SN38 treatment resulted in phosphory-
lation of ser1981ATM, ser345Chk1, thr68Chk2 and ser516Chk2 
indicating the activation of these kinases. The phosphorylation at 
ser516Chk2 represents an autophosphorylation event providing 
direct evidence that Chk2 is active.37 There was little overall change 
in total Chk1 and Chk2 although the electrophoretic band shift that 
occurs with Chk2, is associated with a fainter signal as there are at 
least two bands observed. The constitutive level of Cdc25A is very 
low but it became undetectable upon SN38 treatment consistent 

with the observed arrest in S phase. Cyclin E accumulated markedly 
consistent with the Cdk2/cyclin E complex being inactive; if active, 
it would have caused its own turnover.38 In addition, the p53 protein 
was phosphorylated on both ser15 and ser20, the latter being a site 
for phosphorylation by Chk1 and Chk2.39 Although these cells are 
mutant for p53, they still express this protein and it is still a substrate 
for phosphorylation. Cells incubated concurrently with UCN-01 and 
SN38 showed a similar profile of phosphorylation events, but cyclin 
E did not accumulate suggesting that the cyclin E/Cdk2 complex 
had been active consistent with their S phase progression. Since 
cells incubated with SN38 plus UCN-01 are now arrested in G2, 
it is presumed that Cdc25A had been active and thereby mediated 
activation of cyclin E/Cdk2 and S phase progression. However, the 
continued suppression of Cdc25A once they reach G2, even in the 
presence of UCN-01, suggests an alternate checkpoint kinase may be 
phosphorylating and suppressing Cdc25A expression. One candidate 
to consider is Chk2. The fact that Chk2 remains phosphorylated on 
its autophosphorylation site, ser516, confirms that UCN-01 does 
not inhibit Chk2 in these cells.

The ΔChk2 cells exhibited a similar pattern of events as the parent 
cell line, with the exception of almost undetectable signals for Chk2 
and its phosphorylated forms. In contrast, the ΔChk1 cells exhibited 
several notable differences from the other cell lines. In particular, 
Cdc25A levels were elevated in undamaged cells consistent with 
reports that Chk1 is responsible for regulating the normal level of 

Figure 1. Chk1 is critical for S phase arrest in MDA-MB-231 cells. (A) Levels of expression of Chk1 and Chk2 in the derivatives used in this study. (B) Cells, 
and their derivatives suppressed for Chk1, Chk2 or both were incubated with SN38 for 24 h at the indicated concentrations. Cells were harvested and 
DNA content analyzed by flow cytometry. (C) MDA-MB-231 cells were incubated with 15 nM UCN-01 concurrently with the indicated concentrations of 
SN38 prior to harvest and flow cytometry.
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Cdc25A.14 However, incubation with SN38 still markedly reduced 
the level of Cdc25A, although incompletely, suggesting again that, 
in the absence of Chk1, another pathway can reduce the level of 
Cdc25A. In the absence of Chk1, an alternate kinase that might 
phosphorylate and degrade Cdc25A is Chk2, yet in cells that lack 
both kinases, Cdc25A levels were also reduced by DNA damage. 
Hence it appears unlikely that Chk2 is contributing to the turnover 
of Cdc25A or the G2 arrest. Cyclin E accumulates only slightly in 
both the ΔChk1 and the ΔChk1/ΔChk2 cells which is also consistent 
with the cells having already progressed through S phase. Finally, 
the SN38-induced phosphorylation of p53 at ser15 and ser20 still 
occurred in both the ΔChk1 and ΔChk2 cells suggesting that neither 
pathway alone is required to phosphorylate p53. This phosphory-
lation was retained when cells were incubated concurrently with 
SN38 and UCN-01. In this case, incubation of ΔChk2 cells with 
UCN-01 would result in simultaneous inhibition of both Chk1 and 
Chk2, suggesting that another kinase must be responsible for the 

phosphorylation of p53 at ser20. This result was confirmed by the 
continued phosphorylation of p53 in the arrested ΔChk1/ΔChk2 
cells. Considering that both Chk1 and Chk2 have been reported to 
phosphorylate p53 on ser20,39 it is possible that the kinase respon-
sible for this phosphorylation in the absence of both Chk1 and Chk2 
could also be responsible for maintaining the G2 arrest.

Regulation of Cdc25A during cell cycle arrest. An alternate 
possibility for the Chk1 and Chk2 independent arrest in G2 is 
that Cdc25A is regulated at the transcriptional level rather than 
by protein degradation. To address this question, we investigated 
the transcript level of Cdc25A in comparison to protein level. For 
comparison, we investigated the transcript level in the p53-wildtype 
immortalized MCF10A breast cell line in which we have shown 
Cdc25A is transcriptionally repressed in damaged cells40 (Fig. 4A). 
In contrast to the MCF10A cells, there is no suppression of Cdc25A 
mRNA in any of the MDA-MB-231 cell lines when damaged. These 
results are consistent with the hypothesis that the G2 arrest observed 

Figure 2. Discrimination of cells in G2 versus M phase by their expression of geminin. MDA-MB-231 cells and their derivatives suppressed for Chk1, Chk2 
or both were either untreated, incubated with 10 ng/ml SN38, or incubated concurrently with 10 ng/ml SN38 and 15 nM UCN-01 for 24 h. Cells were 
harvested and stained for geminin and DNA. The data in the bottom row for each cell line reflects the expression of geminin in G2/M as indicated by the 
box in the middle row.
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Figure 4. Regulation of Cdc25A in MDA-MB-231 cells and 
their derivatives suppressed for Chk1, Chk2 or both. (A) Cells 
were incubated with 0–30 ng/ml SN38 for 24 h, harvested 
and analyzed for expression of Cdc25A mRNA or protein. 
Results with MCF10A cells are also shown. For analysis of 
mRNA, PCR was performed with a constant amount of RNA, 
and within the quantitative rounds of amplification. Protein 
blots were also probed with actin (not shown) with no signifi-
cant difference between samples. (B) The cell lines were either 
undamaged, or incubated with 10 ng/ml SN38 for 24 h, 
followed by 0–6 h incubation with 25 µM LLnL, harvested and 
analyzed for expression of Cdc25A protein.

in ΔChk1 cells, is mediated by an alternate kinase that regulates the 
proteolysis of Cdc25A.

To confirm that Cdc25A was being regulated by proteolysis, we 
used the protease inhibitor LLnL to prevent degradation of Cdc25A. 
In undamaged cells, Cdc25A accumulated markedly on LLnL 
consistent with proteolysis being responsible for the short half-life 
of the protein even in the absence of DNA damage (Fig. 4B). While 
DNA damage reduced the level of Cdc25A protein in all the cell 
lines, it still accumulated when proteolysis was inhibited further 
supporting the hypothesis that an alternate checkpoint kinase is able 
to reduce the expression of Cdc25A protein. As a control, damaged 
MCF10A cells incubated with LLnL showed no accumulation of 
Cdc25A protein consistent with the observation that DNA damage 
reduces Cdc25A mRNA in this p53 wildtype cell line.

Lack of role of MK2 in regulating S and G2 arrest. MK2 
has recently been suggested as an alternate regulator of S and G2 
arrest.33 Following DNA damage, MK2 was shown to be activated 
by p38mapk, and of particular interest here, it was shown to be 
inhibited by UCN-01.34 Accordingly, MK2 appeared to be a likely 
candidate for regulation of arrest in the absence of Chk1. We there-
fore determined whether MK2 was activated in our cell models. 
Following a 24 h incubation of MDA-MB-231 cells and its deriva-
tives with SN38, there was an increased phosphorylation of MK2 
although there was no detectable electrophoretic band shift expected 
from an increased phosphorylation (Fig. 5A). We also observed 
only a slight increase in phospho-p38, and no consistent increase in 
phospho-hsp27, a direct downstream target of MK2. These results 
should be contrasted to subsequent experiments in which p38 was 
activated with anisomycin resulting in complete loss of the fastest 

migrating band of MK2 and a much greater increase 
in phosphorylated MK2 (Fig. 5B and C). Consistent 
with the activation of MK2, phosphorylation of hsp27 
also occurred. Parallel experiments in U2OS cells 
also showed negligible activation of p38 or MK2 by 
SN38 but a very strong activation by anisomycin. 
The results in Figure 5B show that U2OS cells have 
a high basal level of phospho-hsp27 which exceeds 
the anisomycin-induced level in MDA-MB-231 cells 
despite the strong activation of p38 and MK2 in both 
cell lines. Phospho-hsp27 is detected at higher levels in 
the other western blots of MDA-MB-231 cells because 
of different exposure times.

Previous experiments showed that 250 nM UCN-01 
inhibited MK2.34 Accordingly, we investigated the 
impact of 0–1 µM UCN-01 on MK2 activity in  

Figure 3. Expression of checkpoint regulatory proteins in MDA-MB-231 cells 
and their derivatives suppressed for Chk1, Chk2 or both. Cells were either 
untreated, incubated with 10 ng/ml SN38, or incubated concurrently with 
10 ng/ml SN38 and 15 nM UCN-01 for 24 h. Cells were harvested and 
analyzed by western blotting for the indicated proteins.
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MDA-MB-231 cells following acti-
vation with anisomycin (Fig. 5C). 
Surprisingly, we observed no inhibition 
of MK2 activity as would be reflected 
in decreased phosphorylation of hsp27. 
In contrast, incubation with the p38 
inhibitor SB203580 reversed the elec-
trophoretic band shift of MK2 and 
prevented phosphorylation of MK2 
and hsp27. These results should be 
contrasted to the impact of UCN-01 
on phosphorylation of Chk1. While 
phosphorylation of Chk1 on ser345 is 
catalyzed by ATR, phosphorylation at 
ser296 has been reported to occur by 
autophosphorylation,41 which is consis-
tent with the ability of 10–30 nM 
UCN-01 to inhibit phosphorylation at 
ser296 but not ser345 (Fig. 5E).

We also determined whether 
SB203580 would abrogate arrest in 
these cell lines. MDA-MB-231 cells 
were incubated with SN38 for 24 h to 
induce S phase arrest and then incu-
bated with SB203580 (Fig. 6). Whereas 
15 nM UCN-01 abrogated S phase 
arrest within 6 h, and induced exten-
sive mitotic catastrophe within 24 h, 
SB203580 had no impact on arrest. 
Furthermore, SB203580 failed to over-
come arrest in any of the derivatives 
lacking Chk1, Chk2 or both kinases. In 
other experiments, SB203580 was added 
concurrently with SN38, and it also 
failed to inhibit arrest (data not shown). 
Surprisingly however, 15 nM UCN-01 
appeared to overcome the G2 arrest 
that occurred in cells lacking Chk1 
(Fig. 6) suggesting that there is another 
UCN-01-sensitive kinase responsible 
for G2 arrest in the absence of Chk1.

To further investigate the differences between our observations 
and the previous publication,34 we performed parallel experi-
ments in U2OS cells following heat shock to activate the MK2 
pathway, this being the cell line and conditions previously used to 
demonstrate the inhibitory action of UCN-01. While incubation 
at 42°C increased phosphorylation of hsp27 that was inhibited 
by SB203580, UCN-01 at concentrations up to 1 µM still failed 
to inhibit this phosphorylation (Fig. 5D). Finally, we determined 
the impact of UCN-01 and SB203580 on SN38-mediated arrest 
in U2OS cells. Similar to the MDA-MB-231 cells, the U2OS cells 
exhibited negligible activation of MK2 following incubation with 
SN38 as contrasted to the strong activation by anisomycin (Fig. 5B). 
Incubation of S phase-arrested U2OS cells with 15 nM UCN-01 
was sufficient to abrogate S phase arrest within 6 h, and to drive 
the majority of cells through mitosis within 24 h (Fig. 6). However, 
SB203580 had no impact on arrest in these cells. Hence, U2OS cells 

appear to be as sensitive to UCN-01 as MDA-MB-231 cells, and we 
have been unable to demonstrate a role for MK2 in arrest in either 
of these cell lines.

Discussion

Chk1 is an essential gene in mammals as reflected in the lethal 
phenotype of mice deleted for Chk1.42,43 However, human cancer 
cell lines with Chk1 protein expression suppressed by Chk1 siRNA 
exhibit a normal cell cycle profile in culture.44 It was argued that 
the transient nature of siRNA might account for the contradictory 
results. Alternately, most studies with siRNA exhibit residual levels 
of the target protein that may be sufficient for cell survival. In the 
experiments presented here, stable expression of shRNA resulted 
in undetectable levels of Chk1, yet these cells clearly survived and 
proliferated in long-term culture. Cells were also able to tolerate 
the suppression of Chk2, as well as concurrent suppression of 

Figure 5. See legend, page 7.
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both Chk1 and Chk2. While the results presented here relate to 
the MDA-MB-231 breast cancer cell line, we have also found that 
human embryo kidney HEK293 cells survive and proliferate in 
the absence of Chk1 or Chk2 (data not shown). Hence, it appears 
that neither protein is essential for cell survival in the absence of 
exogenously administered DNA damage. It is possible that Chk1 is 

normally an essential gene but its loss 
led to activation of a compensatory 
pathway that was selected for during 
development of these cell lines.

We have used the topoisomerase 
I inhibitor SN38 to induce DNA 
damage and, as in previous studies,35 
we show that the phase of the cell cycle 
in which cells arrest depends on drug 
concentration. At low concentrations 
of SN38, cells begin to accumulate 
in G2; at higher concentrations, cells 
arrest in late, mid or early S phase. The 
reason for the absence of G1 arrest is 
that SN38 toxicity depends on replica-
tion forks colliding with an inhibited 
topoisomerase I which leads to DNA 
double-strand breaks in S phase. The 
more damage a cell perceives, the sooner 
it will arrest, hence high concentrations 
arrest cells early in S phase. For most of 
the studies, we selected a concentration 
of SN38 that induced arrest in mid-S 
phase. The first question asked was 
whether cells suppressed for Chk1 and/
or Chk2 would fail to arrest in S and 
G2 phase. The suppression of Chk1 
clearly prevented S phase arrest, yet the 
cells still accumulated in G2. In parallel 
experiments, we found that suppression 
of Chk2 had no impact on either S or 
G2 phase arrest. Cells suppressed for 
both Chk1 and Chk2 still arrested in 
G2 further confirming that Chk2 has 
no role in G2 arrest in this cell model.

The mechanism by which Chk1 
prevents S and G2 phase progression 
is primarily via inhibition of Cdc25A 
and Cdc25C, respectively, although 
Cdc25A also plays a role in regulating 
G2 progression.14,15 In S phase, Chk1-
mediated degradation of Cdc25A led 
to an accumulation of cyclinE/Cdk2 
thereby providing evidence that this 
complex is inactive as it would other-
wise catalyzes its own turnover.38 In 
cells lacking Chk1, Cdc25A is active 
during S phase in damaged cells 
resulting in activation of cyclin E/Cdk2 
and progression to G2. It is very inter-
esting in this regard that Chk2 is also 

reported to phosphorylate Cdc25A, yet this is clearly not occurring 
in these cells.

The persistent G2 arrest observed in the absence of Chk1 was 
surprising, because we have previously shown that inhibition of 
Chk1 with UCN-01 can drive S phase-arrested cells through both 
S and G2 and then induce a mitotic catastrophe. The S phase arrest 

Figure 5. Analysis of MK2 expression and activation. (A) MDA-MB-231 cells and their derivatives were incu-
bated with SN38 and UCN-01 as indicated for 24 h, then analyzed by western blotting for the indicated 
proteins. (B) A comparison of protein expression and activation by 10 ng/ml SN38 (24 h) and 10 µg/ml 
anisomycin (2 h) in MDA-MB-231 and U2OS cells. (C) MDA-MB-231 cells were incubated with anisomycin 
and UCN-01 concurrently for 2 h as indicated. In the final lane, cells were incubated with anisomycin and 
SB203580 for 2 h. (D) MDA-MB-231 cells (top) and U2OS cells (bottom) were incubated at 42°C for 2 h in 
the presence of 0–1 µM UCN-01 or 10 µM SB203580. (E) MDA-MB-231 cells were incubated with 10 ng/
ml SN38 for 24 h, followed by 0–1 µM UCN-01 for 3 h to demonstrate the efficacy of UCN-01 at inhibiting 
phosphorylation of Chk1 at serine 296, but not phosphorylation at serine 345.



©200
8 L

ANDES 
BIOSCI

EN
CE.

 DO NOT D
IST

RIBUTE.

Chk1 and DNA damage-induced checkpoints

www.landesbioscience.com Cell Cycle 1675

is intended to prevent overt DNA damage, yet if cells are unable to 
arrest in S phase because of the absence of Chk1, many more DNA 
breaks will occur. This increased damage may activate an alternate 
checkpoint mechanism that prevents progression through G2. It 
was intriguing that the G2-arrested ΔChk1 cells still responded 
to UCN-01 by undergoing mitosis suggesting that there exists an 
alternate, UCN-01-sensitive kinase. There has been contradictory 
evidence as to whether UCN-01 also inhibits Chk2,30-32 but this 
would not explain our observations, as UCN-01 still abrogated 
arrest in the absence of both Chk1 and Chk2. Furthermore, we 
present direct evidence that Chk2 is not inhibited by UCN-01 
in cells: the autophosphorylation of Chk2 on serine 516 was not 
inhibited by UCN-01. Our results suggest there may be another 
UCN-01-sensitive kinase that regulates G2 arrest, but that it is not 
Chk2. Another possibility to be considered is that there is a residual, 
undetectable level of Chk1 in these cells that is sufficient to induce 
G2 arrest. However, this explanation would be hard to rationalize 

because the marked suppression of Chk1 is sufficient to prevent S 
phase arrest. It seems that any residual level of Chk1 should also be 
insufficient to induce G2 arrest, particularly as it targets Cdc25A in 
both cell cycle phases.

These observations led us to search for an alternate checkpoint 
kinase that could induce G2 arrest in the absence of Chk1. Recent 
publications suggested that DNA damage activates p38 and MK2 
making this a likely alternative checkpoint pathway.33,34 However, 
we found that DNA damage induced little if any activation of p38 
or MK2 in MDA-MB-231 cells, and inhibition of this pathway with 
SB203580 had no impact on cell cycle arrest. These experiments were 
repeated in U2OS cells with similar results. It has previously been 
shown that camptothecin, an alternate topoisomerase I inhibitor 
potently activates MK2 in U2OS cells.34 We are unable to explain 
the differences between that study and our results, particularly as we 
did observe strong activation of MK2 by anisomycin and heat shock, 
the latter result agreeing with the previous publication. The second 

Figure 6. Comparison of the efficacy of UCN-01 and SB203580 to abrogate SN38-induced arrest. MDA-MB-231 cells and their derivatives suppressed for 
Chk1, Chk2 or both, as well as U2OS cells, were incubated with 10 ng/ml SN38 for 24 h. Media was removed, and fresh media with or without UCN-01 
or SB203580 was added for an additional 6 or 24 h. Cells were harvested at the indicated times and DNA content was assessed by flow cytometry.
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point of difference between the current and former work relates 
to the ability of UCN-01 to inhibit MK2. As DNA damage only 
marginally activated MK2, we initially used anisomycin to activate 
the pathway, but found UCN-01 as high as 1 µM did not inhibit 
MK2 activity. These experiments were repeated using heat-shock in 
U2OS cells as these were the conditions and cells previously used to 
show the impact of UCN-01. However, we still failed to observe inhi-
bition of MK2 under these conditions. Finally, we found that both 
MDA-MB-231 and U2OS cells were sensitive to 15 nM UCN-01 
but resistant to SB203580 with respect to abrogation of S and G2 
arrest. Furthermore, the concentration of UCN-01 that abrogated S 
and G2 arrest was consistent with the concentration that inhibited 
phosphorylation of ser296-Chk1, the reported autophosphorylation 
site.41 In summary, our results clearly did not support a role for MK2 
in checkpoint regulation, nor is MK2 inhibited by UCN-01.

The results in U2OS cells requires an additional comment as these 
cells express wildtype p53, and we have reported previously that p53 
prevents UCN-01-mediated abrogation of arrest.29,35 However, we 
have noted recently that some p53 wildtype tumors appear to have 
other defects in p53 signaling that renders them sensitive to UCN-
01.40 This defect has been observed in HCT116 colon cancer cells 
and MCF7 breast cancer cells as an attenuated induction of p21waf1, 
and a failure to repress cyclin B following DNA damage. We have 
seen the same defect in U2OS cells (data not shown).

Overall, our results demonstrate that Chk1 is critical for preventing 
S phase progression in damaged cells but that additional regulators 
can contribute to G2 arrest even in the absence of Chk1. Neither 
Chk2 nor MK2 appear to contribute to either S or G2 arrest, and 
there must exist other regulators of cell cycle arrest that remain 
to be defined. Such proteins may represent novel targets for anti-
cancer drugs. These results also raise the concern as to whether all 
p53-defective tumors will respond to Chk1 inhibitors, and accord-
ingly whether patients may fail to respond because of activation of 
alternate checkpoint pathways. In this regard, our ongoing research 
has found that S phase-arrested HEK293 cells are resistant to UCN-
01. Consequently, it may be important to stratify patients prior to 
administrating Chk1 inhibitors in the clinical setting, and thereby 
avoid administering ineffective drugs. Furthermore, the successful 
development of these drugs may not be realized if they are adminis-
tered to non-responsive tumors.

Materials and Methods

Reagents. SN38, the active metabolite of the topoisomerase I 
inhibitor irinotecan, was provided by Pfizer, Kalamazoo, MI. UCN-
01 was provided by the National Cancer Institute, Bethesda, MD. 
Puromycin, anisomycin, SB203580 and N-acetyl-L-leucyl-L-leucyl-
L-norleucinal (LLnL) were purchased from Sigma (St. Louis, MO). 
SN38, UCN-01, SB203580 and LLnL were dissolved in dimethyl-
sulfoxide, anisomycin was dissolved in 40 mM HCl, and puromycin 
was dissolved in cell culture media. Hygromycin B dissolved in phos-
phate buffered saline was purchased from Invitrogen (Carlsbad, CA).

Cell culture. MDA-MB-231, MCF10A and U2OS cells were 
obtained from the American Type Culture Collection, Manassas, VA. 
The cells were maintained in DMEM/F12 media supplemented with 
10% fetal bovine serum, penicillin (100 U/ml), streptomycin (100 
µg/ml) and fungizone (0.25 µg/ml). The MCF10A cells were also 
maintained in EGF (20 ng/ml), insulin (8 µg/ml) and hydrocorti-

sone (0.5 µg/ml). In addition, the cell lines expressing shRNAs were 
maintained in 0.8 µg/ml puromycin.

Generation of cell lines with stable suppression of Chk1 and 
Chk2 protein. To study the roles of Chk1 and Chk2 in the DNA 
damage-induced cell cycle checkpoints, cell lines were generated 
that persistently suppress Chk1 and/or Chk2 expression. This was 
achieved by transfecting a plasmid vector encoding a shRNA into 
the MDA-MB-231 cells. The resulting cell lines are termed either 
ΔChk1 or ΔChk2 throughout the text.

Oligonucleotides encoding shRNA targeted to Chk1 and 
Chk2 were purchased from Integrated DNA Technologies 
(Coralville, IA). The sequence of the “forward” strand is as 
follows with the RNAi complementary region underlined. Chk1: 
GATCCCC GAAGCAGTCGCAGTGAAGA TTCAAGAGA 
TCTTCACTGCGACTGCTTC TTTTTGGAAA. Chk2: 
GATCCCC ACTCCAGCCAGTCCTCTCA TTCAAGAGA 
TGAGAGGACTGGCTGGAG TTTTTTGGAAA. The comple-
mentary strand was also synthesized, annealed and ligated into BglII 
and HindIII-digested pSUPERretro vector (OligoEngine, Seattle, 
WA). The resulting plasmids were transfected into mammalian 
cells using Lipofectamine 2000 as instructed by the manufacturer 
(Invitrogen, Carlsbad, CA). Transfected cells were then subjected to 
selection in 1.2 µg/ml puromycin. In addition, simultaneous suppres-
sion of both Chk1 and Chk2 was achieved by transfecting the Chk2 
shRNA into the ΔChk1 cells. This second transfection involved 
contransfection with pSVhygro in 1:10 ratio and selection in 600 µg/
ml hygromycin concurrently with puromycin. Following selection on 
antibiotic, individual cell clones were isolated by limited dilution and 
assessed by western blotting for expression levels of Chk1 and Chk2 
protein. After screening 30 individual clones for each construct and 
cell line, one of each was selected for detailed study. Expression of 
Chk1 and Chk2 protein in all of the cell lines is shown in the results 
section (Fig. 3). Each kinase was effectively suppressed, as the protein 
was virtually undetectable in all transfectants studied. More than 
one positive clone from independent transfection experiments were 
studied in initial experiments, and similar results were obtained.

Flow cytometry. Cells were harvested after drug treatment, fixed 
in 70% ethanol overnight, and stained with 100 µg/ml propidium 
iodide with 1 mg/ml ribonuclease A by incubating at 37°C for 30 
min.24 DNA content was determined on a FACScan flow cytometer 
(Becton Dickinson). Results were expressed as histograms with 2N 
representing cells in G1 and 4N representing cells in G2. Expression 
of geminin required fixing cells in 2% formalin for 15 min, followed 
by storage in 70% ethanol. Fixed cells were then stained with either 
an anti-geminin antibody (Santa Cruz Biotechnology, Santa Cruz, 
CA) followed by an Alexa 488-conjugated anti-rabbit antibody 
(Invitrogen, Eugene, OR). Cells were then incubated with ribonu-
clease and propidium iodide.

Western blotting. Cells were washed twice with cold phos-
phate-buffered saline, and then lysed with Laemmli sample buffer 
containing protease and phosphatase inhibitor cocktail. Proteins 
were separated by SDS-PAGE and transferred onto polyvinylidene 
difluoride membranes. Membranes were blocked and then probed 
with primary antibodies (Chk1, p53, Cdc25A, cyclin E, Santa 
Cruz; pS345Chk1, pS296Chk1, pT68Chk2, pS516Chk2, pS15p53, 
pS20p53, MK2, pMK2, p38, pp38, phsp27, Cell Signaling; Chk2, 
Upstate; ATM, Abcam). An antibody against pS1981ATM was a 
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kind gift from Dr. Graeme Smith, Kudos, Cambridge, England. 
Bound primary antibodies were detected with secondary antibodies 
conjugated to horseradish peroxidase (BioRad), and visualized 
by using the enhanced chemiluminescence reagent (Amersham 
Pharmacia).

Polymerase chain reaction. The transcript level of Cdc25A was 
assessed by semi-quantitative PCR. Total RNA was isolated from cells 
using Qiagen’s RNeasy Mini kit. Synthesis of cDNA was performed 
with 1.5 µg of RNA. The primers used45 gave a single band of 272 
bp. Amplification was performed for 35 cycles with 30 sec at each of 
94°, 60° and 72°. Initial experiments were performed to determine 
the concentration of cDNA that would permit semi-quantitative 
comparisons, and the experiments shown were all performed within 
this range.
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