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Introduction

CHK1 inhibitors including UCN-01 (7-hydroxystaurosporine) 
and AZD7762 are currently being evaluated as anti-neoplastic 
agents in clinical trials, both alone and in combination with 
chemotherapeutic agents and ionizing radiation.1,2 These agents 
are postulated to enhance the cytotoxicity of established che-
motherapeutic agents by inhibition of CHK1 and inappropriate 
cell cycle progression after DNA damage.3 Inhibition of CHK1 
may directly promote activation of the protein phosphatase 
CDC25C and can also interfere with CDC25C elimination by 
blocking its binding to 14-3-3 proteins and subsequent degrada-
tion.3 Downregulation of CDC25C results in enhanced Cdc2 
phosphorylation and inactivation of cyclin-dependent kinases 
(CDKs) such as p34, which are critically involved in G

2
/M cell 

cycle arrest following DNA damage.4 UCN-01 is known to have 
many other intracellular kinase targets including the downstream 
effector of PI3 kinase, PDK-1, as well as PKC isoforms.5

The present studies were initiated to determine in greater molecular detail the regulation of ChK1 inhibitor lethality 
in transfected and infected breast cancer cells and using genetic models of transformed fibrobalsts. Multiple MeK1/2 
inhibitors (pD184352, AZD6244 [ARRY-142886]) interacted with multiple ChK1 inhibitors (UCN-01 [7-hydroxystaurosporine], 
AZD7762) to kill mammary carcinoma cells and transformed fibroblasts. In transformed cells, ChK1 inhibitor-induced 
activation of eRK1/2 was dependent upon activation of sRC family non-receptor tyrosine kinases as judged by use of 
multiple sRC kinase inhibitors (pp2, Dasatinib; AZD0530), use of sRC/FYN/Yes deleted transformed fibroblasts or by 
expression of dominant negative sRC. Cell killing by sRC family kinase inhibitors and ChK1 inhibitors was abolished in 
BAX/BAK-/- transformed fibroblasts and suppressed by overexpression of BCL-XL. Treatment of cells with BCL-2/BCL-XL 
antagonists promoted sRC inhibitor + ChK1 inhibitor-induced lethality in a BAX/BAK-dependent fashion. Treatment of 
cells with [sRC + ChK1] inhibitors radio-sensitized tumor cells. These findings argue that multiple inhibitors of the sRC-
RAs-MeK pathway interact with multiple ChK1 inhibitors to kill transformed cells.
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Based on initial phase I studies, the maximal free achiev-
able concentration of UCN-01 in human plasma was thought 
to be at or below ~100 nM with a long plasma half-life due to 
UCN-01 binding to human alpha1 acidic glycoprotein, which 
is a considerably lower concentration than that achievable in 
rodent plasma.6-8 The clinical utility of UCN-01 was limited due 
to its binding to α1-acidic glycoprotein and also to the possibil-
ity that off-target actions may be responsible for toxicity, such 
as hyperglycemia.9 A novel UCN-01 schedule has recently been 
developed in which UCN-01 is administered as a 3-h infusion 
(95 mg/m) q 3 weeks.10 This schedule, which appears to be well 
tolerated, results in free, salivary UCN-01 plasma concentrations 
of 800–1,400 nM that are sustained for up to 3 weeks following 
drug administration. Using the original infusion schedule for the 
kinase inhibitor, the combination of UCN-01 with topotecan or 
cisplatin has shown preliminary evidence of patient activity.11,12

Multiple intracellular signal transduction pathways e.g., 
ERK1/2 and PI3K/AKT are often highly activated in tumor 



216 Cancer Biology & Therapy Volume 12 Issue 3

overall concept of using multiple inhibitors of CHK1 combined 
with either multiple inhibitors of SRC kinases or multiple inhibi-
tors of MEK1/2 to kill transformed cells.

Results

Prior studies have demonstrated that the MEK1/2 inhibitors 
PD184352 and AZD6244 interact with UCN-01 in a syner-
gistic manner to kill mammary, prostate and pancreatic tumor 
cells.16,21 To prove or refute whether UCN-01 was mediating its 
ERK1/2 activating effects via inhibition of CHK1, we made use 
of a plasmid to express dominant negative CHK1. Expression of 
a dominant negative CHK1 protein in MCF7 cells, a cell line 
with a high level of transfection efficiency, enhanced basal levels 
of ERK1/2 phosphorylation within 24 h and blunted the ability 
of UCN-01 to stimulate ERK1/2 phosphorylation (Fig. 1A).21,22

Recently, several additional novel MEK1/2 inhibitors and 
CHK1 inhibitors have become available for pre-clinical testing 
e.g., AZD6244, AZD7762. Thus, we next determined whether 
a variety of chemically dissimilar inhibitors of MEK1/2 and 

cells, and have been proposed as therapeutic targets in prevent-
ing cancer cell growth in many malignancies.13-15 An alternative 
approach to killing tumor cells without the use of conventional 
cytotoxic agents is to exploit their reliance (i.e., addiction) to 
high levels of signaling pathway activity to maintain growth and 
viability. Previous studies by this group have demonstrated that, 
UCN-01, at clinically relevant concentrations in vitro causes 
activation of the ERK1/2 pathway in transformed cell types. 
Prevention of ERK1/2 pathway activation, by inhibition of either 
MEK1/2 or RAS function, rapidly promoted UCN-01-induced 
tumor cell death in a synergistic fashion.16-21 Indeed, UCN-01 
was shown to promote RAS activation.19 Non-transformed cells 
from multiple tissues were noted in several studies to be insensi-
tive to apoptosis-induction by this strategy.

The present studies are focused in mammary carcinoma cells, 
and also use additional genetic models of transformed fibroblasts 
and transfected HNSCC cells to determine the protein kinase(s) 
responsible upstream of RAS for the activation of the ERK1/2 
pathway which were noted to be in the SRC non-receptor tyro-
sine kinase family. In addition, the present analyses solidified the 

Figure 1. Inhibition of ChK1 enhances the toxicity of MeK1/2 inhibitors. (A) MCF7 cells were transfected with either an empty vector control plasmid 
or a plasmid to express dominant negative ChK1 (dnChK1). Twenty-four hours after transfection, cells were treated with vehicle (Veh, DMsO), UCN-01 
(100 nM) or AZD7762 (50 nM). Cells were isolated at the indicated time points and subjected to sDs pAGe followed by immunoblotting to determine 
the phosphorylation of eRK1/2 (p-eRK1/2) or the expression of GApDh. Data are from a representative of two separate studies. (B) MDA-MB-231 cells 
plated in triplicate were treated with vehicle (DMsO), MeK1/2 inhibitor pD184352 (2 μM), ChK1 inhibitor AZD7762 (200 nM) or pD184352 and AZD7762. 
Cells were isolated at the indicated time points and subjected to the indicated various cell viability assays. Data for each assay is the mean of all data 
points from three studies ±seM (*p < 0.05 greater than AZD7762 value). (C) MDA-MB-231 cells plated in triplicate were treated with either vehicle 
(DMsO), MeK1/2 inhibitor AZD6244 (400 nM), ChK1 inhibitor AZD7762 (200 nM) or AZD6244 and AZD7762. Cells were isolated at the indicated time 
points and subjected to the indicated various cell viability assays. Data for each assay is the mean of all data points from three studies ±seM (*p < 0.05 
greater than AZD7762 value). (D) MCF7 cells plated in triplicate were treated with either vehicle (DMsO), MeK1/2 inhibitor AZD6244 (400 nM), the ChK1 
inhibitors AZD7762 (200 nM) or UCN-01 (100 nM), or AZD6244 and the indicated ChK1 inhibitor. Cells were isolated at the indicated time points and 
subjected to the indicated various cell viability assays. Data for each assay is the mean of all data points from three studies ±seM (*p < 0.05 greater 
than ChK1 inhibitor value).
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fibroblasts genetically deleted for SRC/FYN/YES, CHK1 inhib-
itor-stimulated ERK1/2 activation was profoundly reduced and 
the phosphorylation of SRC kinases at Y416 was not detected by 
immunoblotting. However, we had great difficulty in observing 

CHK1 interacted to kill breast 
cancer cells, as judged by various 
methods of analysis. AZD7762 
and PD184352, and AZD7762 and 
AZD6244, interacted in a greater 
than additive fashion to kill “triple 
negative” MDA-MB-231 cells (Fig. 
1B, C and Table 1). Similar data 
were obtained in estrogen depen-
dent MCF7 cells (Fig. 1D).

In previous studies, we have dem-
onstrated that inhibition of RAS 
protein function blocks the ability 
of UCN-01 to activate ERK1/2.16-24 
A question thus arose as to what 
protein(s) upstream of RAS could 
be mediating the “activating” signal 
into the ERK1/2 pathway (due to 
inhibition of CHK1). Initial stud-
ies, examining a role for ERBB1, 
demonstrated that inhibition of 
this receptor antagonized UCN-01 
lethality as judged by combination 
index (CI) values of greater than 
1.00 suggesting that EGF receptor 
signaling was not part of the activa-
tion process (data not shown).

As ERBB1 was not a key fac-
tor in the ERK1/2 activation pro-
cess by CHK1 inhibitors, we next 
determined whether SRC family 
protein kinases, molecules also 
associated with activation of the 
ERK1/2 pathway, were mechanis-
tically involved. Treatment of wild 
type transformed mouse embryonic fibroblasts with UCN-01 
or AZD7762 caused activation of ERK1/2 and phosphoryla-
tion of SRC kinases at Y416 (multiple bands), indicative of their 
activation (Fig. 2A). In matched transformed mouse embryonic 

Table 1. MeK1/2 inhibitors and ChK1 inhibitors synergize to kill tumor cells

MDA-MB-231 MCF7

UCN-01 (nM) PD184352 (μM) Fraction affected CI UCN-01 (nM) PD184352 (μM) Fraction affected CI

25.0 0.30 0.39 0.44 25.0 0.30 0.12 0.51

33.3 0.40 0.47 0.34 33.3 0.40 0.17 0.56

41.6 0.50 0.57 0.27 41.6 0.50 0.32 0.41

UCN-01 (nM) AZD6244 (μM) Fraction affected CI UCN-01 (nM) AZD6244 (μM) Fraction affected CI

25.0 0.20 0.28 0.41 20.0 0.20 0.15 0.52

50.0 0.40 0.35 0.41 25.0 0.25 0.24 0.50

75.0 0.60 0.47 0.47 30.0 0.30 0.38 0.60

AZD7762 (nM) AZD6244 (μM) Fraction affected CI AZD7762 (nM) AZD6244 (μM) Fraction affected CI

50.0 0.10 0.26 0.63 50.0 0.20 0.28 0.71

100.0 0.20 0.39 0.58 100.0 0.25 0.39 0.78

150.0 0.30 0.49 0.44 150.0 0.30 0.53 0.79

Figure 2. sRC family kinases play a key role in the regulation of the eRK1/2 pathway by ChK1 inhibitors. 
(A) Transformed mouse embryonic fibroblasts, MeF (wild type, WT; deleted for sRC/FYN/Yes, sYF) were 
treated with vehicle (Veh, DMsO), UCN-01 (100 nM) or AZD7762 (50 nM). Cells were isolated at the indi-
cated time points and subjected to sDs pAGe followed by immunoblotting to determine the phosphory-
lation of eRK1/2 (p-eRK1/2), the phosphorylation of sRC Y461 (p-Y416 src) or the expression of GApDh. 
Data are from a representative of three separate studies. (B) MCF7 cells were treated with vehicle (Veh, 
DMsO), UCN-01 (100 nM), pp2 (10 μM), AZD7762 (50 nM) or UCN-01+pp2 or AZD7762+pp2. Cells were 
isolated 2 h after drug exposure and subjected to sDs pAGe followed by immunoblotting to determine 
the phosphorylation of eRK1/2 (p-eRK1/2) or the expression of eRK2 protein. Data are from a representa-
tive of two separate studies.
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transformed mouse embryonic fibroblasts genetically deleted for 
only FYN/YES and not SRC, the lethality of SRC inhibitor + 
CHK1 inhibitor treatment was still competent to kill cells, argu-
ing that SRC played a greater role than FYN and YES in this cell 
system to facilitate drug combination toxicity (Fig. 3).

We next determined whether similar drug interaction/cell kill-
ing effects to those in genetically altered transformed fibroblasts 
were also observed in human tumor cell lines using a diverse 
range of SRC inhibitors and CHK1 inhibitors. SRC inhibitors 
(AZD0530; PP2; dasatinib) interacted with CHK1 inhibitors 
(UCN-01, AZD7762) to promote a greater than additive amount 
of short-term cell killing in MDA-MB-231 and MCF7 mam-
mary carcinoma cells measured using a variety of cell viability 
assays/techniques (Fig. 4A–J).

In median dose effect isobologram colony formation assays 
we noted that a 48 h exposure of either MDA-MB-231 or MCF7 
cells to SRC inhibitors (AZD0530; PP2; dasatinib) with CHK1 
inhibitors (UCN-01, AZD7762) resulted in a synergistic induc-
tion of cell killing as measured ~14 days after drug removal in 
colony formation assays (Fig. 5A–E). A combination index (CI) 
value of less than 1.00 indicates a toxic synergy of interaction 
between the drugs when survival data are calculated within this 
computational assay (see Methods section).

In previous studies combining MEK1/2 inhibitors or farnes-
yltransferase inhibitors with CHK1 inhibitors we published that 
cell killing by these drug combinations occurs via mitochondrial 
dysfunction and the release of cytochrome c into the cytosol 
(reviewed in ref. 21 and 24). In transformed embryonic fibro-
blasts genetically deleted for toxic BH3 domain proteins BAX 
and BAK, but not deleted for BID, the combination of a SRC 
inhibitor (AZD0530; PP2; dasatinib) with a CHK1 inhibi-
tor (UCN-01, AZD7762) was unable to cause cell killing (Fig. 
6A–D). In MDA-MB-231 or MCF7 cells, overexpression of 
BCL-X

L
 or dominant negative caspase-9, but not the caspase-8 

inhibitor CRM A, blocked the combination of a SRC inhibitor 
(AZD0530; PP2; dasatinib) with a CHK1 inhibitor (UCN-01, 
AZD7762) from causing death (data not shown).

a convincing similar activation of SRC in mammary carcinoma 
cells (data not shown); this was similar to contemporaneous data 
in blood cancer cells in Dai et al. (2010) wherein some myeloma 
cells exhibited increased SRC Y416 phosphorylation whereas 
other cell lines showed no induction effect.22 In MCF7 cells, 
treatment with the pan-SRC kinase inhibitor PP2 abolished 
AZD7762-induced activation of ERK1/2 and significantly sup-
pressed UCN-01-induced ERK1/2 activation (Fig. 2B).

Based on these findings, we determined whether inhibition 
of SRC kinase function promoted the toxicity of CHK1 inhibi-
tors in a SRC kinase-dependent fashion. Initial studies were 
performed in an extant human head and neck squamous carci-
noma cell line, obtained by collaboration; a line that had been 
stably transfected to express dominant negative SRC. In these 
cells expression of dominant negative SRC enhanced the lethal-
ity of AZD7762 and abolished the toxic interaction between 
AZD0530 and AZD7762 (Fig. 3A). Furthermore, in subsequent 
studies using MCF7 cells transiently transfected with a plasmid 
to express dominant negative SRC we also noted that the lethal-
ity of AZD7762 and UCN-01 was enhanced and that the toxic 
interaction between these drugs and the SRC inhibitor PP2 was 
abolished (Fig. 3B).

We next wished to further confirm our apoptosis findings using 
genetic models. Transformed mouse embryonic fibroblasts genet-
ically deleted for SRC/FYN/YES were not, per se, profoundly 
more sensitive to exposure of either a SRC inhibitor (AZD0530; 
PP2; dasatinib) or to a CHK1 inhibitor (UCN-01, AZD7762) 
(Fig. 3C–F). However, in mouse embryonic fibroblasts geneti-
cally deleted for SRC/FYN/YES we noted that SRC inhibitors 
(AZD0530; PP2; dasatinib) did not interact with CHK1 inhibi-
tors (UCN-01, AZD7762) to promote a greater than additive 
amount of short-term cell killing (Fig. 3). In transformed mouse 
embryonic fibroblasts genetically deleted for SRC/FYN/YES 
into which the gene for c-Src had been stably re-expressed back 
into the cells, we noted that the sensitivity of cells to SRC inhibi-
tor + CHK1 inhibitor-induced lethality was restored to varying 
extents based on the kinase inhibitor regimens used (Fig. 3). In 

Figure 3 (See opposite page). Loss of sRC/FYN/Yes function abolishes the toxic interaction between ChK1 and sRC family kinase inhibitors in 
transformed fibroblasts. (A) 1483 h&N sC cells transfected with vector control or dominant negative src (K296R) were plated in triplicate and treated 
with vehicle (Veh, DMsO), AZD0530 (125 nM), AZD7762 (50 nM) or AZD7762 and AZD0530. Cells were isolated 48 h after exposure and subjected to the 
indicated various cell viability assays. Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 greater than corresponding 
empty vector value). (B) MCF7 cells were transfected with a plasmid to express dominant negative sRC. Twenty-four hours after transfection cells were 
treated with (Veh, DMsO), UCN-01 (100 nM), pp2 (10 μM), AZD7762 (50 nM) or UCN-01+pp2 or AZD7762+pp2. Cells were isolated 48 h after exposure 
and viability determined using a hemacytometer. Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 greater than cor-
responding empty vector value). (C) Transformed mouse embryonic fibroblasts, MeF (wild type, WT; deleted for sRC/FYN/Yes; deleted for sRC/FYN/
Yes with c-sRC knock in; deleted for FYN/Yes) were plated in triplicate and treated with vehicle (Veh, DMsO), AZD0530 (125 nM), AZD7762 (50 nM) or 
AZD7762 and AZD0530. Cells were isolated 48 h after exposure and viability determined using a hemacytometer. Data for each assay is the mean of 
all data points from two studies ±seM (#p < 0.05 less than WT cell value). (D) Transformed mouse embryonic fibroblasts, MeF (wild type, WT; deleted 
for sRC/FYN/Yes; deleted for sRC/FYN/Yes with c-sRC knock in; deleted for FYN/Yes) were plated in triplicate and treated with vehicle (Veh, DMsO), 
pp2 (10 μM), UCN-01 (50 nM) or AZD7762 and AZD0530. Cells were isolated 48 h after exposure and viability determined using a hemacytometer. Data 
for each assay is the mean of all data points from two studies ±seM (#p < 0.05 less than WT cell value). (e) Transformed mouse embryonic fibroblasts, 
MeF (wild type, WT; deleted for sRC/FYN/Yes; deleted for sRC/FYN/Yes with c-sRC knock in; deleted for FYN/Yes) were plated in triplicate and treated 
with vehicle (Veh, DMsO), pp2 (10 μM), AZD7762 (50 nM) or AZD7762 and pp2. Cells were isolated 48 h after exposure and viability determined using 
a hemacytometer. Data for each assay is the mean of all data points from two studies ±seM (#p < 0.05 less than WT cell value). (F) Transformed mouse 
embryonic fibroblasts, MeF (wild type, WT; deleted for sRC/FYN/Yes; deleted for sRC/FYN/Yes with c-sRC knock in; deleted for FYN/Yes) were plated 
in triplicate and treated with vehicle (Veh, DMsO), dasatinib (DAs, 200 nM), UCN-01 (100 nM) or dasatinib and UCN-01. Cells were isolated 48 h after 
exposure and viability determined using a hemacytometer. Data for each assay is the mean of all data points from two studies ±seM (#p < 0.05 less 
than WT cell value).
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Figure 3. For figure legend, see page 218.
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Treatment of transformed mouse embryonic fibroblasts with 
HA14-1 rapidly promoted the toxicity of PP2 + UCN-01 and of 
PP2 + AZD7762 (Fig. 7A and B). In transformed mouse embry-
onic fibroblasts genetically deleted for toxic BH3 domain proteins 
BAX and BAK, HA14-1 was unable to promote SRC inhibitor + 
CHK1 inhibitor lethality, again arguing that the primary two 

As the combination of a SRC inhibitor with a CHK1 inhibitor 
was promoting cell death via mitochondrial dysfunction, as pre-
viously shown for the combination of a MEK1/2 inhibitor with 
a CHK1 inhibitor, we determined whether the combination of 
these two agents with a third agent that inhibits BCL-2/BCL-X

L
 

function e.g., HA14-1, can further promote cell killing.22,25 

Figure 4G–J (For A–F, see previous page). For figure legend, see following page.
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activation in a SRC kinase-dependent fashion. Inhibition of SRC 
kinase family function using multiple chemically distinct small 
molecule inhibitors (AZD0530, PP2, dasatinib) promoted the 
lethality of multiple CHK1 inhibitors (UCN-01, AZD7762), as 
we had previously noted for inhibitors of MEK1/2 and of RAS 
farnesylation.

Based on the use of BAX/BAK-/- cells the induction of mito-
chondrial dysfunction was shown to play a primary role in the 
synergistic induction of cell killing following treatment of cells 
with SRC inhibitors and CHK1 inhibitors. Of note, mammary 
carcinoma cells with very low basal levels of ERK1/2 activity and 
that are relatively non-invasive such as the estrogen-dependent 
line MCF7 were apparently as susceptible to being killed by SRC 
and CHK1 inhibitors as were carcinoma cells with very high basal 
levels of ERK1/2 activity and that are highly invasive such as the 
“triple-negative” line MDA-MB-231. SV40 large T-antigen trans-
formed fibroblasts that are not tumorigenic in mice, but that are 
nonetheless transformed, were also sensitive to the drug schedule, 
although as previously noted, multiple non-established cell types 
are insensitive to CHK1 inhibitor + MEK1/2 inhibitor combined 
drug exposure regimen.16 Furthermore, we have previously noted 
that the lethal effects of combined inhibition of MEK1/2 and 
CHK1 does not require cells to be progressing through the cell 
cycle, as judged by the killing of non-proliferating primary mul-
tiple myeloma blasts.24 Our data suggests that CHK1 function 
plays a key role in maintaining cell viability in transformed cells 
and does so, in part, by regulating ERK1/2 pathway signaling.

In published studies treating animals with UCN-01 as an 
individual agent, noticeably higher drug concentrations than 
those used in prior in vivo studies by our group have been admin-
istered to show significant single agent anti-tumor effects.27 
Based on initial phase I studies, the clinical utility of UCN-01 
was thought to be limited due to its binding to α1-acidic glyco-
protein in the plasma and also to the possibility that off-target 
actions may be responsible for dose-limiting toxicity in patients, 
such as hyperglycemia. A novel UCN-01 clinical schedule was 
developed which achieves much higher free plasma concentra-
tions of the drug and that is also within the UCN-01 concentra-
tion range of our prior animal studies which showed a profound 
tumoricidal in vivo interaction between UCN-01 and MEK1/2 
inhibitors. SRC inhibitors are already in clinical use, most nota-
bly, the FDA-approved drug dasatinib.28 Other inhibitors of 
SRC family kinases, such as AZD0530, are at present in clinical 

drug combination kills transformed cells by initially causing 
mitochondrial dysfunction. Similar data were obtained with the 
clinically relevant BCL-2 inhibitor obatoclax, GX15-070 and in 
mammary carcinoma cells (data not shown).

Radiotherapy is a primary modality for treating breast can-
cer patients. Treatment of MCF7 and MDA-MB-231 breast 
cancer cells with (AZD7762 + AZD0530) enhanced tumor cell 
radiosensitivity in colony formation assays (Fig. 7C and D). 
Collectively, our data demonstrate that SRC and CHK1 inhibi-
tors interact to kill mammary carcinoma cells and to facilitate the 
lethal effects of established breast cancer therapies.

Discussion

Previous studies by this group have argued that MEK1/2 inhibi-
tors or farnesyltransferase inhibitors interact with UCN-01 to 
promote tumor cell specific killing in a wide variety of malig-
nancies including breast, prostate and multiple hematological cell 
types.16-24 The net output of the cytoprotective RAS-MEK1/2-
ERK1/2 pathway has previously been shown to be a critical 
determinant of tumor cell survival. Furthermore, activation of 
this cascade has been observed as a compensatory response of 
tumor cells to various environmental stresses, including cytotoxic 
drugs. The present studies were initiated to determine in greater 
molecular detail than previously reported how CHK1 inhibitors 
activate the ERK1/2 pathway and whether multiple chemically 
dissimilar inhibitors of the CHK1 and ERK1/2 pathways can be 
utilized to achieve a similar cytotoxic effect in tumor cells.

Based on use of dominant negative CHK1, UCN-01 and 
AZD7762-induced activation of ERK1/2 was dependent upon 
inhibition of CHK1; furthermore, expression of dominant nega-
tive CHK1 enhanced basal levels of ERK1/2 phosphorylation 
arguing for a central regulatory role between CHK1 and the 
RAF-MEK-ERK1/2 pathway.22 Of note, ATM/checkpoint path-
way signaling has previously been linked in our studies to regula-
tion of the ERK1/2 pathway.26 Thus despite UCN-01 having the 
potential to inhibit several protein kinases e.g., PKC isoforms, 
PDK-1; our findings argue that inhibition of CHK1 is essential 
for activation of ERK1/2 to occur. Upstream of RAS proteins, we 
discovered that SRC family kinases, but not ERBB1, played a key 
role in the activation of ERK1/2 following CHK1 inhibitor expo-
sure in breast cancer cells and transformed fibroblasts. Multiple 
CHK1 inhibitors (UCN-01, AZD7762) promoted ERK1/2 

Figure 4 (See pp. 220-221). Loss of sRC function abolishes the toxic interaction between ChK1 and sRC family kinase inhibitors in breast cancer cells.  
(A and B) MDA-MB-231 cells were plated in triplicate and treated with vehicle (Veh, DMsO), pp2 (10 μM), UCN-01 (50 nM) or pp2 and UCN-01. Cells were 
isolated 48 h after exposure and subjected to the indicated various cell viability assays. Data for each assay is the mean of all data points from two 
studies ±seM (*p < 0.05 greater than ChK1 inhibitor value). (C and D) MDA-MB-231 cells were plated in triplicate and treated with vehicle (Veh, DMsO), 
AZD0530 (125 nM), AZD7762 (50 nM) or AZD7762 and AZD0530. Cells were isolated 48 h after exposure and subjected to the indicated various cell via-
bility assays. Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 greater than ChK1 inhibitor value). (e and F) MCF7 cells 
were plated in triplicate and treated with vehicle (Veh, DMsO), AZD0530 (125 nM), AZD7762 (50 nM) or AZD7762 and AZD0530. Cells were isolated 48 
h after exposure and subjected to the indicated various cell viability assays. Data for each assay is the mean of all data points from two studies ±seM 
(*p < 0.05 greater than ChK1 inhibitor value). (G and h) MDA-MB-231 cells were plated in triplicate and treated with vehicle (Veh, DMsO), dasatinib 
(DAs, 200 nM), UCN-01 (100 nM) or dasatinib and UCN-01. Cells were isolated 48 h after exposure and viability determined using the indicated method 
(Geimsa, Trypan blue exclusion, Annexin-pI flow cytometry). Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 
greater than ChK1 inhibitor value). (I and J) MCF7 cells were plated in triplicate and treated with vehicle (Veh, DMsO), dasatinib (DAs, 200 nM), UCN-01 
(100 nM) or dasatinib and UCN-01. Cells were isolated 48 h after exposure and viability determined using the indicated method (Geimsa, Trypan blue 
exclusion). Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 greater than ChK1 inhibitor value).
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Materials and Methods

Materials. Phospho-/total-ERK1/2 antibodies were purchased 
from Cell Signaling Technologies (Worcester, MA). TUNEL 
kits were purchased from NEN Life Science Products (NEN 
Life Science Products, Boston, MA) and Boehringer Mannheim 
(Manheim, Germany), respectively. Trypsin-EDTA, RPMI, 
penicillin-streptomycin were purchased from GIBCOBRL 
(GIBCOBRL Life Technologies, Grand Island, NY). 
MDA-MB-231, MCF7 cells were purchased from the ATCC. 
SV40 Large T mouse embryonic fibroblasts lacking expression 
of various pro-apoptotic BH3 domain proteins were kindly pro-
vided by Dr. S. Korsmeyer (Harvard University, Boston, MA); 
the expression, or lack thereof of specific survival regulatory pro-
teins was confirmed on the supplied cell lines (data not shown). 
SV40 Large T mouse embryonic fibroblasts lacking expression of 
SRC/FYN/YES or SRC/FYN/YES with c-SRC knock in were 
purchased from the ATCC (Bethesda, MD); the expression or 
lack thereof of SRC family kinase proteins was confirmed on the 
supplied cell lines (data not shown). PD98059, PP2 and AG1478 
were purchased from Calbiochem/EMD sciences (San Diego, 
CA). The HNSCC cells (1,483 cells) transfected with vector 
control or dominant negative Src (K296R) were kindly supplied 
by Dr. J. Grandis (U. Pittsburgh, PA). UCN-01 was purchased 
from Sigma (St. Louis, MO). Dasatinib (BMS354825) was pur-
chased from Eton Bioscience Inc. (San Diego, CA). AZD6244 
(ARRY-142886), AZD7762 and AZD0530 were purchased from 
Selleck chemicals (Houston, TX). Other reagents and irradiation 
procedures using a Co., 60 source were as described in reference 
16–24, 33 and 40–46.

Methods. Culture and in vitro exposure of cells to drugs. 
Tumor cells for the studies in this manuscript were cultured at 
37°C (5% v/v CO

2
) in vitro using RPMI supplemented with 

10% (v/v) fetal calf serum. In vitro Vehicle/UCN-01/PD184352/
AZD6244/PD98059/AZD0530/PP2/AZD7762/dasatinib/
AG1478 treatment was from a 100 mM stock solution of each 
drug and the maximal concentration of Vehicle (DMSO) in 
media was 0.02% (v/v).

Cell treatments, SDS-PAGE and protein gel blot analysis. 
For in vitro analyses of short-term apoptosis effects, cells were 
treated with Vehicle/UCN-01/PD184352/AZD6244/PD98059/
AZD0530/PP2/AZD7762/dasatinib/AG1478 or their combina-
tion for the indicated times. Cells for colony formation assays 
were plated at 250–4,000 cells per well in sextupilcate and for in 
vitro assays 14 h after plating were treated with the individual or 
the drug combination(s) at a fixed increasing dose ratio accord-
ing to the Method of T-C Chou and P Talalay, for 48 h followed 
by drug removal. Ten to fourteen days after exposure or tumor 
isolation, plates were washed in PBS, fixed with methanol and 
stained with a filtered solution of crystal violet (5% w/v). After 
washing with tap water, the colonies were counted both manu-
ally (by eye) and digitally using a ColCount plate reader (Oxford 
Optronics, Oxford, England). Data presented is the arithme-
tic mean (±SEM) from both counting methods from multiple 
studies. Colony formation was defined as a colony of 50 cells or 
greater.

development.29 Whether the combination of CHK1 inhibitors 
and SRC kinase inhibitors will translate successfully into xeno-
graft animal model systems of breast cancer, as was observed for 
the combination of CHK1 inhibitors and MEK1/2 inhibitors or 
of CHK1 inhibitors and RAS farnesylation inhibitors will need 
to be explored in a future study focused on animal pre-clinical 
translation.

Overexpression of mitochondrial BCL-2 family members has 
been shown in many tumor cell systems to raise the apoptotic 
threshold of tumor cells.21,22,30-33 As the potentiation of CHK1 
inhibitor lethality by SRC/RAS/MEK inhibitors occurs pri-
marily by promoting mitochondrial dysfunction, it would be 
assumed that over time, one of the mechanisms by which cells 
could survive this treatment will be a viability-selection based 
on increased expression of BCL-2 family members. With this 
general possibility in mind for multiple chemotherapeutic treat-
ments, several drug companies have developed small molecule 
inhibitors of BCL-2, BCL-X

L
 and MCL-1, including the drugs 

gossypol, ABT-737/ABT-263 and GX15-070 (Obatoclax).33-35 In 
the present studies we noted that a commercially available inhibi-
tor of BCL-2 and BCL-X

L
, HA14-1, significantly enhanced the 

lethality of the two drug (CHK1 inhibitor + SRC inhibitor) regi-
men. Prior studies have also shown that HA14-1 can overcome 
the protective effect of BCL-X

L
 in cells treated with UCN-01 

and PD184352. Collectively, these findings demonstrate that the 
potentiation of CHK1 inhibitor lethality by SRC/MEK inhibi-
tors can be profoundly enhanced by additional destabilization of 
mitochondrial function via inhibition of BCL-2 family member 
activity(ies).

Based on our present findings, an obvious question is posed, 
namely how does inhibition of CHK1 cause activation of SRC 
family kinases? In transformed fibroblasts lacking SRC/FYN/
YES expression we observed a modest increase in SRC activity 
following CHK1 inhibitor administration. However, it is of note 
that activation of SRC family kinases was observed in some blood 
cancer cell lines but not in other cell lines, and not in our studies in 
mammary carcinoma cells, implying that different mechanisms 
may be induced in different cells types.24 SRC family kinases are 
auto-inhibited via phosphorylation at Y527 and trans-phosphor-
ylate themselves for full catalytic activation at Y416.36 An overall 
reduction in the levels of phosphorylation of Y527 will promote 
SRC kinase activation. It is well established that CHK1 phos-
phorylation regulates the expression and function of the tyro-
sine phosphatases CDC25A and CDC25C.37 Phosphorylation of 
both enzymes by CHK1 would reduce the tyrosine phosphatase 
activity/expression of these enzymes; hence a CHK1 inhibitor 
will tend to promote tyrosine phosphatase activity/expression, 
in agreement with our observed activation of SRC kinases. It is 
also possible that CHK1 may directly regulate the kinases that 
control Y527 phosphorylation: Csk/CHK. Finally, it is possible 
that as inhibition of CHK1 causes a compensatory activation of 
ATM; that ATM can activate c-ABL; and that active c-ABL can 
signal to promote activation of SCR family kinases, it is conceiv-
able that this pathway regulates SRC/ERK signaling levels.21,38,39 
All of these complex studies will also need to be investigated in 
detailed future studies.
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with whole-cell lysis buffer (0.5 M Tris-HCl, pH 6.8, 2% SDS, 
10% glycerol, 1% β-mercaptoethanol, 0.02% bromophenol 
blue), and the samples were boiled for 30 min. The boiled samples 

For SDS PAGE and immunoblotting, cells were plated at 5 x 
10 cells/cm and treated with therapeutic drugs at the indicated 
concentrations and after the indicated time of treatment, lysed 

Figure 5 (See opposite page). ChK1 and sRC family kinase inhibitors synergize to kill mammary carcinoma cells in colony formation assays. (A) 
MDA-MB-231 cells were plated as single cells in sextuplicate (250–2,000 cells per 60 mm dish) and 12 h after plating treated with increasing fixed dose 
concentrations of UCN-01 (33.3–99.9 nM) or pp2 (4–12 μM), or with the equivalent corresponding amount of vehicle control (DMsO) for 48 h. Media 
was then replaced and cells grown in the absence of drugs for 10–14 days to permit colonies of >50 cells to form. Cells were fixed, stained with crystal 
violet and colonies of >50 cells/colony counted. Colony formation data were entered into the Calcusyn program and combination index (CI) values 
determined. In the tabular portion of the part, a CI value of less than 1.00 indicates synergy. The data in lower bar graph are the means of data points 
from two separate experiments ±seM. (B and C) MDA-MB-231 cells and MCF7 cells were plated as single cells in sextuplicate (250–2,000 cells per 60 
mm dish) and 12 h after plating treated with increasing fixed dose concentrations of AZD0530 (125–375 nM) or AZD7762 (50–150 nM), or with the 
equivalent corresponding amount of vehicle control (DMsO) for 48 h. Media was then replaced and cells grown in the absence of drugs for 10–14 days 
to permit colonies of >50 cells to form. Cells were fixed, stained with crystal violet and colonies of >50 cells/colony counted. Colony formation data 
were entered into the Calcusyn program and combination index (CI) values determined. In the tabular portion of the part, a CI value of less than 1.00 
indicates synergy. The data in lower bar graph are the means of data points from two separate experiments ±seM. (D and e) MDA-MB-231 and MCF7 
cells were plated in sextuplicate as single cells for colony formation assays, as described in the Methods. Cells were permitted to attach and 12 h after 
plating and each well individually treated for 48 h with the indicated concentrations of dasatinib and UCN-01. Following 48 h of drug treatment, media 
was carefully removed, the cells washed and fresh media lacking drugs added to the cultures. Cells were grown in the absence of drugs for 10–14 days 
to permit colonies of >50 cells to form. Cells were fixed, stained with crystal violet and colonies of >50 cells/colony counted. Colony formation data 
were entered into the Calcusyn program and combination index (CI) values determined. In the tabular portion of the part, a CI value of less than 1.00 
indicates synergy. The data in lower bar graph are the means of data points from two separate experiments ±seM.

Figure 6. Loss of BAX and BAK expression abolishes the toxic interaction between ChK1 inhibitors and sRC family kinase inhibitors. Transformed 
mouse embryonic fibroblasts, MeF (wild type, WT; deleted for BAX and BAK, BAX/BAK-/-; and for BID, BID-/-) plated in triplicate were treated (as indi-
cated in each graphical part) with: vehicle (Veh, DMsO), UCN-01 (50 nM), AZD7762 (50 nM), pp2 (10 μM); dasatinib (DAs, 200 nM); AZD0530 (50 nM) or 
the drugs in combination: (A) AZD0530+AZD7762; (B) DAs+UCN-01; (C) pp2+UCN-01; (D) pp2+AZD7762. Cells were isolated 24 h after exposure and 
subjected to trypan blue exclusion cell viability assays. Data for each assay is the mean of all data from two studies ±seM (#p < 0.05 less than corre-
sponding value in WT cells).
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a commercially available Diff Quick (Geimsa) assay kit as per 
reference 16–24 and 40. The Annexin V/propidium iodide assay 
was carried to determine cell viability out as per the manufac-
turer’s instructions (BD PharMingen) using a Becton Dickinson 
FACScan flow cytometer (Mansfield, MA). Media containing 
cells was collected. Cells were isolated by brief typsinization and 
this together with the growth media was centrifuged to isolate a 
cell pellet. The cell pellet was resuspended in PBS on ice contain-
ing an FITC conjugated anti-Annexin V antibody followed by 
addition to this suspension of propidium iodide. The suspension 

(10–100 μg based on the gel cassette being used) were loaded 
onto 10–14% SDS-PAGE and electrophoresis was run overnight. 
Proteins were electrophoretically transferred onto 0.22 μm nitro-
cellulose and immunoblotted with various primary antibodies 
against different proteins. All immunoblots were visualized by 
use of an Odyssey Infra Red Imaging System.

Short-term cell viability assays after drug exposure. Cells 
were isolated at the indicated times in the figures by trypsiniza-
tion, and either subjected to trypan blue cell viability assay by 
counting in a light microscope or fixed to slides, and stained using 

Figure 7. Loss of BAX/BAK function abolishes the toxic interaction between ChK1 inhibitors sRC family kinase inhibitors in transformed fibroblasts; 
cell killing is potentiated by inhibitors of BCL-2/BCL-XL function. (A) Transformed mouse embryonic fibroblasts, MeF (wild type, WT; deleted for BAX 
and BAK, BAX/BAK-/-) were plated in triplicate and treated with vehicle (Veh, DMsO), pp2+UCN-01 (10 μM + 50 nM), in the presence or absence of 
vehicle (DMsO) or hA14-1 (10 μM). Cells were isolated 12 h after exposure and viability determined using a hemacytometer and trypan blue exclusion 
staining. Data for each assay is the mean of all data points from two studies ±seM. (B) Transformed mouse embryonic fibroblasts, MeF (wild type, WT; 
deleted for BAX and BAK, BAX/BAK-/-) were plated in triplicate and treated with vehicle (Veh, DMsO), pp2 + AZD7762 (10 μM + 50 nM), in the presence 
or absence of vehicle (DMsO) or hA14-1 (10 μM). Cells were isolated 12 h after exposure and viability determined using a hemacytometer and trypan 
blue exclusion staining. Data for each assay is the mean of all data points from two studies ±seM (*p < 0.05 greater than ChK1 inhibitor value; **p < 
0.05 greater than corresponding value in vehicle treated cells; #p < 0.05 less than corresponding value in WT cells). (C and D) MDA-MB-231 and MCF7 
cells were plated in sextuplicate as single cells for colony formation assays, as described in the Methods. Cells were permitted to attach and 12 h after 
plating and each well individually treated for 48 h with AZD7762 (50 nM) and AZD0530 (125 nM). six h after drug exposure cells are exposed to ionizing 
radiation (0–4 Gy). Following 48 h of drug treatment, media was carefully removed, the cells washed and fresh media lacking drugs added to the cul-
tures. Cells were grown in the absence of drugs for 10–14 days to permit colonies of >50 cells to form. Cells were fixed, stained with crystal violet and 
colonies of >50 cells/colony counted. The data are the means of data points from two separate experiments ±seM.
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according to the Methods of T-C Chou and P Talalay using the 
Calcusyn program for Windows (BIOSOFT, Cambridge, UK). 
Cells were treated with agents at an escalating fixed concentra-
tion drug dose. A indicates synergy of interaction between the 
two drugs; a combination index of ~1.00 indicates an additive 
interaction; a CI value of >1.00 indicates antagonism of action 
between the two agents.
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was then within ~5 min subjected to flow cytometery to deter-
mine early apoptosis (Annexin+ cells); early necrosis (propidium+ 
cells); or later forms of cell death (Annexin+ propidium+). Unless 
otherwise stated, where the percentage of cell death was calcu-
lated using this method, the percentage cell death included all 
registering PI+ and all annexin+ cells.

Plasmid transfection. Plasmid DNA (0.5 μg/total plasmid 
transfected) was diluted into 50 μl of growth media that lacked 
supplementation with FBS or with penicillin-streptomycin. 
Lipofectamine 2000 reagent (1 μl) (Invitrogen, Carlsbad, CA) 
was diluted into 50 μl growth media that lacked supplementa-
tion with FBS or with penicillin-streptomycin. The two solutions 
were then mixed together and incubated at room temperature for 
30 min. The total mix was added to each well (4-well glass slide 
or 12-well plate) containing 200 μl growth media that lacked 
supplementation with FBS or with penicillin-streptomycin. The 
cells were incubated for 4 h at 37°C, after which time the media 
was replaced with growth media containing 5% (v/v) FBS and 1x 
pen-strep.16-24,40

Data analysis. Comparison of the effects between various 
in vitro drug treatments was performed following ANOVA 
using the Student’s t-test. Differences with a p value of < 0.05 
were considered statistically significant. Experiments shown are 
the means of multiple individual points from multiple studies 
(±SEM). Median dose effect isobologram colony formation anal-
yses to determine synergism of drug interaction were performed 
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