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ABSTRACT
Radiation therapy is a staple treatment for pancreatic cancer. However, owing 

to the intrinsic radioresistance of pancreatic cancer cells, radiation therapy often 
fails to increase survival of pancreatic cancer patients. Radiation impedes cancer 
cells by inducing DNA damage, which can activate cell cycle checkpoints. Normal 
cells possess both a G1 and G2 checkpoint. However, cancer cells are often defective 
in G1 checkpoint due to mutations/alterations in key regulators of this checkpoint. 
Accordingly, our results show that normal pancreatic ductal cells respond to ionizing 
radiation (IR) with activation of both checkpoints whereas pancreatic cancer cells 
respond to IR with G2/M arrest only. Overexpression/hyperactivation of Rac1 
GTPase is detected in the majority of pancreatic cancers. Rac1 plays important roles 
in survival and Ras-mediated transformation. Here, we show that Rac1 also plays 
a critical role in the response of pancreatic cancer cells to IR. Inhibition of Rac1 
using specific inhibitor and dominant negative Rac1 mutant not only abrogates 
IR-induced G2 checkpoint activation, but also increases radiosensitivity of pancreatic 
cancer cells through induction of apoptosis. These results implicate Rac1 signaling 
in the survival of pancreatic cancer cells following IR, raising the possibility that this 
pathway contributes to the intrinsic radioresistance of pancreatic cancer.

INTRODUCTION

Radiation therapy is a staple treatment for pancreatic 
cancer patients, especially for those with locally advanced 
or borderline resectable disease [1, 2]. However, for the 
vast majority of pancreatic cancer patients, radiation 
therapy still fails to significantly increase survival or 
improve quality of life [3]. This lack of efficacy is 
primarily due to the intrinsic radioresistance of pancreatic 
cancer cells, as only 12–40% of pancreatic tumors exhibit 
an objective response to radiation therapy [4–22]. Thus, 
there is an urgent need to develop strategies for increasing 

the efficacy of radiation therapy in pancreatic cancer 
patients.

The ionizing radiation (IR) delivered by radiation 
therapy impedes cancer cells mainly by the production of 
DNA damage. In response to IR-induced DNA damage, 
human cells will engage several protective mechanisms 
that promote DNA repair and survival [23]. Among these 
is the activation of cell cycle checkpoints that block cell 
cycle progression to allow time for DNA repair [24]. 
Depending on the phase of the cell cycle at which the 
damage is sensed, cells can activate either a G1 or G2 
checkpoint, to respectively block the cell cycle at the G1/S 
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or G2/M border [24]. In cells that possess dysfunctional 
cell cycle checkpoints, apoptosis can instead occur to 
eliminate the damaged cells [25]. Normal cells have 
both a G1 and G2 cell cycle checkpoint to maintain their 
genomic integrity [26]. However, most cancer cells lack 
a functional G1 checkpoint, due to mutations/alterations 
in key regulators of the G1 checkpoint (e.g. p53, p16, and 
Cdk4) [26, 27]. For this reason, cancer cells are much 
more reliant on the functionality of the G2 checkpoint for 
their survival after radiation therapy.

The G2 checkpoint is tightly controlled by the Cdc2/
Cyclin B complex, whose activity is required for the G2/M 
transition of the cell cycle [28]. Previous studies identify 
the Y15 residue of Cdc2 as a critical site in G2 checkpoint 
response to IR. Phosphorylation of Cdc2-Y15 following 
IR results in Cdc2 inhibition, leading to cell cycle arrest 
at the G2/M border [29–31]. Cdc2-Y15 is phosphorylated 
by the Wee1 and Myt1 kinases and dephosphorylated by 
Cdc25 dual-specificity phosphatases [32–34].

In response to IR exposure, ATM and ATR kinases 
are rapidly activated through phosphorylation, which, 
in turn, leads to the phosphorylation/activation of their 
respective downstream targets, the Chk1 and Chk2 kinases. 
Chk1 and Chk2 phosphorylate the Cdc25 phosphatases, 
resulting in the subcellular sequestration, degradation and/
or inhibition of Cdc25, which normally activate Cdc2/
Cyclin B complex at the G2/M boundary [35].

Cell cycle transition from G2 to mitotic phase 
requires histone H3 phosphorylation, which is associated 
with chromosome condensation prior to cell division [36]. 
Since both G2 and mitotic cells contain 4N-DNA content 
and are undistinguishable from each other by DNA content 
analysis, H3-Ser10 phosphorylation is commonly used as 
a marker of mitotic cells within the 4N population [37]. 
Histone H3-Ser10 phosphorylation begins in late G2 on 
the pericentromeric chromatin. As cells progress through 
mitosis, this phosphorylation has spread to the remaining 
chromatin by the end of prophase [38, 39]. Thus, there 
is a gradual increase in H3-Ser10 phosphorylation from 
the beginning to the end of mitosis. In a wide range of 
exponentially growing cells, H3-Ser10 phosphorylation in 
mitotic cells can be detected by flow cytometry analysis 
[40, 41]. Upon G2 checkpoint activation, H3-Ser10 
phosphorylation is inhibited due to blockage of the G2/M 
transition of the cell cycle [28, 40, 41].

Ras-related C3 botulinum toxin substrate 1 (Rac1) 
is a member of the Rho family of small guanosine 
triphosphatases (GTPases). Rac1 has been shown to play a 
critical role in cytoskeleton reorganization, cell migration 
and cell survival [42]. Rac1 exists in either an active 
GTP-bound state or inactive GDP-bound state [43]. The 
transition of Rac1 between these two states is regulated 
by its GEFs (Guanine nucleotide Exchange Factors) and 
GAPs (GTPase–activating proteins). While GEFs promote 
Rac1 activation by accelerating GDP/GTP exchange, GAPs 
terminate Rac1 activity by promoting GTP hydrolysis [43]. 

In its active state, Rac1 interacts with its effectors, thereby 
activating numerous downstream signaling pathways 
[44, 45]. Overexpression/hyperactivation of Rac1 has 
been detected in the great majority of pancreatic cancers 
[46, 47]. Rac1 and two of its GEFs, Tiam1 and Vav1, 
have been reported to be overexpressed in more than 
70% of pancreatic cancers, and Vav1 overexpression has 
also been associated with poor prognosis in pancreatic 
cancer patients [46–49]. Rac1 signaling has been shown to 
promote cellular transformation and to protect cells from 
apoptosis [43, 49].

While Rac1 is primarily localized at the cell 
membrane, it is also detected in the nucleus and the amount 
of nuclear Rac1 is increased in the late G2 phase [50]. 
Rac1 has been reported to activate ERK1/2 signaling via  
p21-activated kinase 1 and 2, which phosphorylate Raf1 
and MEK1 and facilitates the formation of the Raf/MEK/
ERK complex [51–53]. A role for Rac1 in the activation of 
PI3K/AKT pro-survival signaling has also been reported 
[54, 55] and Rac1 is necessary for the activation of AKT by 
UV and sphingosine 1-phosphate [56, 57]. Both AKT and 
ERK1/2 signaling pathways have been shown to promote 
cell survival after IR [23, 41, 58–62]. We recently reported 
a new function for Rac1 in the regulation of breast cancer 
cells’ response to IR [63]. Our results revealed that Rac1 is 
rapidly activated in breast cancer cells after IR and that this 
activation is required for the activation of the G2 checkpoint 
response by IR and for cell survival following IR [63]. In the 
present study, we have investigated the role of Rac1 in the 
response of human pancreatic cancer cells to IR. Results in 
this report demonstrate that the inhibition of Rac1 sensitizes 
human pancreatic cancer cells to IR by a mechanism that 
involves G2 checkpoint abrogation and apoptosis induction.

RESULTS

IR exposure induces G2/M arrest and Cdc2 
inhibition in pancreatic cancer cells

To determine the response of pancreatic 
cancer cells to IR, exponentially growing 
pancreatic cancer cells were exposed to IR at the 
indicated doses and analyzed for DNA content by 
fluorescence-activated cell sorting (FACS) at 24 h  
following IR. As shown in Fig. 1A, IR exposure of CD-18/
HPAF cells resulted in a marked increase in the amount of 
4N-DNA content cells, indicative of G2/M phases of the 
cell cycle [28], and concomitant decreases in the amount 
of cells in G1 and S phases. Similarly, IR exposure of 
AsPC-1 and Capan-1 pancreatic cancer cells also resulted 
in a dose-dependent accumulation of G2/M phase cells, 
which was also associated with concomitant decreases 
in the amount of cells at G1 and S phases (Fig. 1B). 
These results indicate that these pancreatic cancer cells 
respond to IR exposure with a G2/M cell cycle arrest. 
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Figure 1: IR induces G2/M cell cycle arrest and Cdc2-Y15 phosphorylation in pancreatic cancer cells. (A) Log-phase 
growing CD18/HPAF cells were exposed to increasing doses of IR, incubated for 24 h and analyzed for DNA content by FACS. Number of 
cells in G1, S and G2/M phases of the cell cycle are indicated. (B) Indicated pancreatic cancer cells were exposed to IR at the dose indicated, 
incubated for 24 h and analyzed for DNA content. Results depict the percentage of cells in G1 (white bars), S (gray bars) and G2/M (black 
bars) phases of the cell cycle and represent the mean±S.D. of two sets of experiments done in duplicates. (C) AsPC-1, CD18/HPAF and 
Capan-1 cells were exposed to 10 Gy IR, incubated for the indicated times and analyzed for Cdc2-Y15 phosphorylation as described in 
MATERIALS AND METHODS. As a control, levels of Cdc2 protein in cell lysates were assessed. (D) Normal human pancreatic ductal cells 
(HPNE) were exposed to IR at the doses indicated, incubated for 24 h and analyzed for DNA content by flow cytometry. The result depicts 
the percent cells in G1, S and G2/M phases of the cell cycle and is shown as the mean±S.D. of duplicate cell samples from two separate 
experiments.



Oncotarget10254www.impactjournals.com/oncotarget

This observation is consistent with the previous finding 
that most cancer cells possess a functional G2 checkpoint 
but are defective in G1 checkpoint [26, 27].

The G2 checkpoint activation requires inhibition of 
Cdc2, whose activity is required for G2/M transition of 
the cell cycle [28]. We next assessed changes in Cdc2-Y15 
phosphorylation, indicative of Cdc2 inhibition, following 
IR exposure of pancreatic cancer cells. As shown in 
Fig. 1C, IR exposure resulted in a time-dependent increase 
in Cdc2-Y15 phosphorylation in AsPC-1, CD18/HPAF 
and Capan-1 pancreatic cancer cells, with the initial 
increase observed within 30 min following IR.

We also tested the response of normal human 
pancreatic ductal cells (HPNE) to IR. HPNE is a line of 
primary human pancreatic ductal cells immortalized with 
the catalytic subunit of human telomerase (hTERT) [64]. 
As shown in Fig. 1D, the majority of log-phase growing 
HPNE cells possessed 2N-DNA content, indicative of 

cells in G1 phase [65]. Following IR, cells in S phase 
were depleted as the amount of cells in both G1 and G2/M 
phases increased (Fig. 1D). This result indicates there 
were activations of both G1 and G2 checkpoints in HPNE 
cells following IR. Taken together, these results reveal 
a fundamental difference in cell cycle response to IR 
between normal and cancer cells. The normal pancreatic 
ductal cells have a G1 checkpoint response to IR that their 
cancer counterparts have lost.

Rac1 is overexpressed in pancreatic cancer cells

Overexpression/hyperactivation of Rac1 in pancreatic 
cancer cells has been reported and Rac1 plays an important 
role in cell survival and transformation [47, 56, 66, 67]. To 
examine the role of Rac1 in the cellular response to IR, we 
analyzed Rac1 protein expression in HPNE and pancreatic 
cancer cells. As shown in Fig. 2A, the pancreatic cancer 

Figure 2: Rac1 is overexpressed in pancreatic cancer cells. (A) Normal pancreatic ductal cells (HPNE) and pancreatic cancer 
cells (AsPC-1, Capan-1, CD18/HPAF and L3.6pl) were assessed for Rac1 protein expression by immunoblotting. (B) Indicated cells were 
analyzed for Rac1 activity (Rac1-GTP) as described in MATERIALS AND METHODS. As controls, protein levels of Rac1 (Rac1) and 
GAPDH (GAPDH) in cell lysates were measured. (C) AsPC-1, CD18/HPAF and Capan-1 cells were treated with 10 Gy IR and incubated 
for the indicated times and analyzed for the activity and level of Rac1.
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cells expressed much higher levels of Rac1 than HPNE 
primary human pancreatic ductal cells. Consistently, Rac1 
activity assay demonstrated an association between Rac1 
protein level and Rac1 activity in these cells, showing that 
much higher Rac1 activities were detected in AsPC-1,  
CD18/HPAF and Capan-1 pancreatic cancer cells compared 
to HPNE cells (Fig. 2B). We also assessed the pancreatic 
cancer cells for changes in Rac1 level and activity following 
IR. As shown in Fig. 2C, no noticeable change in Rac1 
activity was detected after IR exposure of the cancer cells. 
These results indicate there is a marked increase in Rac1 
level and activity in the pancreatic cancer cells relative 
to primary pancreatic ductal cells. In addition, this high 
level of Rac1 activity in the pancreatic cancer cells was 
unaffected by IR.

Rac1 activity is necessary for IR-induced G2/M 
cell cycle arrest

Using the Rac1 specific inhibitor NSC23766 [68], we 
examined the effect of Rac1 on IR-induced G2/M arrest in 
pancreatic cancer cells. For these experiments, pancreatic 
cancer cells (AsPC-1, Capan-1 and CD18/HPAF) were 
incubated with increasing doses of NSC23766 and 
exposed to IR. As shown in Fig. 3A, incubation of AsPC-1  
cells with NSC23766 at 100 and 200 μM resulted in 
62% and 83% inhibition of Rac1 activity, respectively, 
compared to control untreated cells (Rac1-GTP). As 
shown in Figs. 3B and 3C, incubation of AsPC-1 cells in 
the presence of 100 μM NSC23766 resulted in a marked 
attenuation in the induction of G2/M arrest following 

Figure 3: Rac1 inhibition abrogates IR-induced G2/M cell cycle arrest in pancreatic cancer cells. (A) AsPC-1 cells were 
incubated for 1 h in the presence of NSC23766 at the indicated doses and analyzed for activity and level of Rac1. (B) AsPC-1 cells 
were incubated with 100 μM NSC23766 for 1 h, exposed to 10 Gy IR and incubated for 3 h post IR. The cells were washed, incubated in 
the absence of NSC23766 for 24 h and analyzed for DNA content by FACS. Number of cells in G1, S and G2/M phase of the cell cycle 
are indicated. (C) Indicated pancreatic cells were incubated for 1 h with ABT-888 (10 μM), NSC23766 (100 μM) and MK-1775 (3 μM), 
and exposed to 10 Gy IR. The cells were incubated for 3 h following IR, washed, incubated in the absence of drug for 24 h and analyzed 
for DNA content by FACS. Results depict the percentage of cells with 4N-DNA content (G2/M phase) and represent the mean±S.D. of two 
sets of experiments done in duplicates.

(Continued )
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IR. In contrast, incubation with NSC23766 alone in 
the absence of IR only had subtle, if any, effect on the 
percentage of 4N-DNA content cells relative to log-phase 
growing cells (Fig. 3B, NSC). Incubation of AsPC-1 cells 
with NSC23766 also resulted in a slight decrease in the 
amount of G1 phase cells and a minor increase, if any, in 
the amount of S phase cells (Fig. 3B, NSC). Furthermore, 
incubation with 100 μM NSC23766 also abrogated the 
IR-induced G2/M arrest in Capan-1 and CD18/HPAF 
pancreatic cancer cells (Fig. 3C).

As additional controls, the indicated pancreatic cancer 
cells were treated with ABT-888, a poly(ADP-ribose)  
polymerase 1 and 2 (PARP1/2) inhibitor [69], or MK-1775,  
a Wee1 kinase inhibitor [70] and then exposed to IR. 
While PARP1/2 plays an essential role in the repair of 
single-stranded DNA breaks, Wee1 inhibits Cdc2 kinase 
by phosphorylation of the Y15 residue of Cdc2 [71, 72]. 
The two drugs were used at concentrations sufficient to 
respectively inhibit protein poly(ADP-ribosyl)ation and 
Cdc2-Y15 phosphorylation as shown in Supplementary 

Figure 3: (D) Upper panel: HPNE cells were incubated in the presence or absence of 100 μM NSC23766 for 1 h, exposed 
to 10 Gy IR, incubated for 24 h and analyzed for DNA content. Number of cells in G1, S and G2/M phase of the cell cycle 
are indicated. Lower panel: The result depicts the percentage of cells with 4N-DNA content (G2/M phase) and is shown as 
mean±S.D. of duplicate samples from two separate experiments.
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Fig. 1, as well as described previously [69, 70]. As shown 
in Fig. 3C, incubation with MK-1775 completely abrogated 
the IR-induced G2/M arrest in the pancreatic cancer 
cells, whereas incubation with ABT-888 did not block the 
induction of G2/M arrest after IR.

As an additional control, we also investigated 
the effects of Rac1 inhibition on the response of HPNE 
primary pancreatic ductal cells to IR. As shown in Fig. 3D, 
Rac1 inhibition by NSC23766 had little effects on the  
IR-induced cell cycle response of HPNE cells.

Using histone-H3 phosphorylation as a marker of 
mitotic cells [73], we examined the effect of Rac1 on the 
proportion of cells in mitosis following IR exposure. As 
shown in Fig. 4, IR exposure resulted in a rapid decrease 
in the proportion of mitotic cells in CD18/HPAF cells. At 
2 h post IR, there was an approximately 90% decrease 
in mitotic cells relative to non-irradiated control cells 
(Fig. 4A: IR vs. None; Fig. 4B: black bars). In contrast, 
incubation of cells with NSC23766 blocked the effect of 
IR, resulting in a significant increase in the proportion of 

Figure 4: Rac1 inhibition abrogates IR-induced G2/M checkpoint activation. CD18/HPAF cells were incubated for 1 h in the 
presence or absence of 100 μM NSC23766, treated with/without 10 Gy IR. After 2 h incubation following IR, the cells were analyzed by 
FACS for mitotic cells, which contain both 4N-DNA content and Histone H3-Ser10 phosphorylation [37]. (A) The histograms shown are 
representative FACS analyses for mitotic cells in samples treated with/without IR in the presence or absence of NSC23766. The location 
of mitotic cells in each sample is indicated (M). (B) The bar graph depicts the percentage of mitotic cells and is shown as mean±S.D. of 
duplicate samples from two set of experiments. *, significant difference from cells exposed to IR in the absence of NSC23766.
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mitotic cells in irradiated cells compared to the control 
irradiated cells incubated in the absence of NSC23766 
(Fig. 4A: IR+NSC vs. IR; Fig. 4B: IR). Incubation of cells 
with NSC23766 alone resulted in only a slight increase 
in the amount of mitotic cells compared to the control 
untreated cells (Fig. 4A: NSC vs. None; Fig. 4B: None).

Inhibition of Rac1 abolishes IR-induced ATM 
and ATR signaling activation

To investigate the mechanisms involved in the 
regulation of the IR-induced G2/M checkpoint response 
by Rac1, we examined the effect of Rac1 on the activation 
of ATM and ATR signaling after IR. As shown in Fig. 5A, 

pre-incubation of CD18/HPAF cells with NSC23766 
resulted in a dose-dependent diminution of IR-induced 
activation of ATM and ATR kinase activities. A complete 
inhibition of both IR-induced ATM and ATR activities was 
achieved in cells incubated with 100 μM NSC23766 and 
exposed to IR.

To confirm the effect of Rac1 inhibition on IR-induced 
activation of ATM and ATR kinases, we analyzed Chk1 and 
Chk2 activities in CD18/HPAF cells following IR exposure 
with or without the presence of NSC23766. As shown in 
Fig. 5B, while IR induced activation of both Chk1 and 
Chk2 in CD18/HPAF cells, the effect was dose-dependently 
blocked by the inhibition of Rac1. Consistent with the effect 
of NSC23766 on the IR-induced ATM and ATR, presence of 

Figure 5: Rac1 inhibition abolishes IR-induced activation of both ATM and ATR signaling pathways. CD18/HPAF cells 
were treated with/without 10 Gy IR in the presence of NSC23766 at the indicated doses and incubated for 1 h at 37oC. (A) To assess 
ATR and ATM kinase activities, ATR and ATM were immunoprecipitated from the cell lysates using anti-ATR (N-19) and anti-ATM 
(2C1) antibodies respectively and assayed for relative kinase activity using recombinant p53 protein as substrate. (B) To measure Chk1 
and Chk2 activity, Chk1 and Chk2 were immunoprecipitated from the cell lysates using anti-Chk1 (G-4) and anti-Chk2 (B-4) antibodies 
respectively and assayed for relative kinase activity using recombinant Cdc25C protein as substrate. As controls, protein levels of ATR, 
ATM, Chk1 and Chk2 in the immunoprecipitates (IP-WB) as well as in the cell lysates (WB) were assessed by immunoblotting. (C) Cdc2 
was immunoprecipiated from the cell lysates using anti-Cdc2 (17) antibody and analyzed for Cdc2-Y15 phosphorylation and Cdc2 protein 
by immunoblotting.
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100 μM NSC23766 completely abrogated the IR-induced 
Chk1 and Chk2 activation in CD18/HPAF cells (Fig. 5B, 
Chk1 activity and Chk2 activity).

Activity of the Cdc2/Cyclin B complex is essential 
for the cells to progress from G2 to M phase of the cell 
cycle [74]. Activation of ATM and ATR signaling following 
IR leads to the induction of Cdc2-Y15 phosphorylation 
that inhibits Cdc2 activity [75]. We therefore examined 
the effect of Rac1 inhibition on the IR-induced Cdc2-Y15 
phosphorylation in CD18/HPAF cells. As shown in Fig. 5C, 
IR-induced Cdc2-Y15 phosphorylation was inhibited dose-
dependently by the presence of NSC23766. Consistently, 
incubation with 100 μM NSC23766, a dose that abrogated 
the activation of ATM/Chk2 and ATR/Chk1 following IR, 
also inhibited the induction of Cdc2-Y15 phosphorylation 
in CD18/HPAF cells after IR (Fig. 5C).

Collectively, results in Fig. 5 indicate that Rac1 
inhibition by NSC23766 abolished the IR-induced 
activation of ATM and ATR signaling pathways, which 
play key roles in the regulation of G2 checkpoint response.

Ectopic expression of dominant negative 
N17Rac1 mutant blocks G2/M checkpoint 
activation following IR

Using an adenoviral vector expressing N17Rac1, 
a dominant negative mutant of Rac1 [76], we verified 
the effect of Rac1 inhibition on the IR-induced G2/M 
checkpoint response in CD18/HPAF cells. For these 
studies, the cells were transduced with adenoviral 
vector expressing N17Rac1 (Ad.N17Rac1) or control 
empty vector (Ad.Control). As shown in Fig. 6A (upper 
panel), immunoblotting analysis detected the ectopically 
expressed N17Rac1, which migrates slightly slower than 
the endogenous wild-type Rac1. We next examined the 
effect of N17Rac1 mutant on IR-induced G2/M arrest. As 
shown in Fig. 6A (lower panel), DNA-content analyses 
revealed a marked induction in IR-induced G2/M arrest in 
the control vector transduced CD18/HPAF cells and that 
this induction was blocked significantly by the expression 
of N17Rac1 (p<0.001, n=4).

Figure 6: Ectopic expression of N17Rac1 dominant mutant diminishes IR-induced G2/M checkpoint activation. (A) Upper 
panel: CD18/HPAF cells were transduced with adenoviral vector expressing N17Rac1 or control vector for 24 h and analyzed for Rac1 
and GAPDH by immunoblotting. Lower panel: The transduced cells were treated with or without IR, incubated for 24 h and analyzed for 
DNA content by FACS. The result depicts the percentage of cells with 4N-DNA content and is shown as mean±S.D. of duplicate samples 
from two separate experiments. *, p< 0.001 (n=4), significant difference from the control vector transduced cells exposed to IR. (B) The 
transduced cells were treated with or without IR, incubated for 1 h and analyzed for the activities of Chk1 and Chk2 by kinase assay. 
As controls, protein levels of Chk1 and Chk2 in the immunoprecipitates (IP-WB) as well as in the cell lysates (WB) were assessed by 
immunoblotting. GAPDH protein in the cell lysates was assessed by Western blotting as a protein loading control.
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We next examined the effect of N17Rac1 expression 
on the activation of Chk1 and Chk2 following IR. As 
shown in Fig. 6B, while control vector-transduced CD18/
HPAF cells showed a noticeable activation of both Chk1 
and Chk2 kinases after IR, N17Rac1-transduced cells 
exhibited a marked diminution in the activation of Chk1 
and Chk2 following IR compared to the control vector-
transduced cells (Chk1 activity and Chk2 activity). In 
addition, N17Rac1 expression also resulted in a slight 
decrease in basal Chk1 activity in the un-irradiated cells 
(Fig. 6B). Transduction of CD18/HPAF cells with control 
vector had no noticeable effect on IR-induced activation 
of Chk1 and Chk2 compared to un-transduced cells (data 
not shown).

Inhibition of Rac1 sensitizes pancreatic cancer 
cells to IR exposure

Results in Figs. 1–6 showed that the IR-induced 
G2/M checkpoint activation in human pancreatic cancer 
cells was abrogated by the Rac1 specific inhibitor 
NSC23766 and by expression of the N17Rac1 mutant. 
We next examined the effect of Rac1 inhibition on cell 
survival after IR using a clonogenic assay. As shown in 
Figs. 7A and 7B, while IR exposure alone resulted in only 
a small decrease in clonogenic survival of CD18/HPAF 
cells, IR exposure in the presence of NSC23766 resulted 
in a striking decrease in clonogenic survival of these 
cells. In the presence of NSC23766, cell viability after  

Figure 7: Inhibition of Rac1 abrogates clonogenic survival of irradiated pancreatic cancer cells. (A) CD18/HPAF cells 
were exposed to increasing doses of IR in the presence or absence of 100 μM NSC23766 and incubated for 3 h. The cells were washed, 
incubated in regular medium for 14 days and assessed for numbers of colonies [63]. Representative sample dishes from the clonogenic 
assay are shown. (B) Number of colonies in the resulting samples (CD18/HPAF) was quantified using the ImageJ analytical program and 
the results are shown as mean±S.D. of two set of experiments done in duplicates. *, p=<0.001 (n=4), significant difference between the 
cells exposed to IR in the absence of NSC23766 and the cells exposed to IR in the presence of NSC23766. (C) HPNE cells were treated as 
described in (A). Cell survival in the resulting cell samples was quantified using the ImageJ analytical program and the results are shown 
as mean±S.D. of two set of experiments done in duplicates.

(Continued )
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Figure 7: (D) CD18/HPAF and HPNE cells were transduced with Ad.N17Rac1 (+) or Ad.Control (-) for 24 h. Upper panels: 
Western blot analysis of the indicated samples for Rac1 and GAPDH. *, un-transduced CD18/HPAF control cells. Lower 
panels: cells were treated with or without 10 Gy IR and incubated for additional 48 h. Cells were photographed using phase-
contrast optics. Scale bars represent 100 μm.

5, 10 and 15 Gy of IR was respectively decreased 
by 2, 3 and 4 orders of magnitude compared to their 
corresponding irradiated controls (Fig. 7B). In contrast, 
treatment of cells with NSC23766 alone in the absence 
of IR only resulted in a subtle decrease, if any, in cell 
survival relative to the untreated control cells. However, 
the NSC23766 treated cells appeared to form larger 
colonies compared to the untreated control cells (Fig. 7A, 
0 Gy: Control vs. NSC). We also tested the effect of Rac1 
inhibition on the viability of irradiated HPNE normal 
cells, which express a much lower level of Rac1 protein 
relative to CD18/HPAF pancreatic cancer cells (Fig. 2). As 
shown in Fig. 7C, inhibition of Rac1 by NSC23766 had 
little effect on the viability of HPNE cells following IR.

To verify the effect of Rac1 inhibition on cell 
survival following IR, we transduced CD18/HPAF 
pancreatic cancer cells and HPNE normal cells with 
Ad.N17Rac1 or Ad.Control viruses and exposed the 
cells to IR. Results in Fig. 7D (upper panels) confirmed 

the presence of ectopic N17Rac1 expression in the 
Ad.N17rac1-transduced CD18/HPAF and HPNE cells. 
As shown in Fig. 7D (lower left panel), expression 
of N17Rac1 in the absence of IR resulted in visible 
morphological changes in the CD18/HPAF cells 
compared to the control-infected cells. At 2 days 
following IR, N17Rac1-expressing CD18/HPAF cells 
had rounded up and had detached from the culture dish 
(Fig. 7D, lower left panel, N17Rac1 + IR), whereas 
Ad.Control-infected CD18/HPAF cells remained attached 
and showed little change in cell morphology compared 
to the unirradiated Ad.Control-infected cells (Fig. 7D, 
lower left panel, Control + IR vs. Control + None). In 
contrast, in HPNE cells, neither N17Rac1 expression nor 
IR produced any noticeable changes in cell morphology 
(Fig. 7D, lower right panel). In both cell lines, control 
viral infection had little effect on cell morphology relative 
to their respective uninfected cells (Fig. 7D, lower panels: 
Control vs. None).
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In summary, the results of these studies indicate that 
the inhibition of Rac1, either by NSC23766 or expression 
of N17Rac1, augments the sensitivity of CD18/HPAF 
pancreatic cancer cells to IR, whereas it has little effect on 
the sensitivity of HPNE normal cells to IR.

Rac1 inhibition results in apoptosis induction 
in pancreatic cancer cells exposed to IR

To investigate the possible mechanisms involved in 
the increase in radiation sensitivity in pancreatic cancer 
cells by Rac1 inhibition, we assessed the treated cells for 
markers of apoptosis induction. It has been previously 
demonstrated that the activation of caspase 3, a hallmark 
of apoptosis induction, occurs during the execution phase 
of apoptosis [77]. As shown in Fig. 8A (upper and middle 
panels), at 2 days after IR, immunoblotting detected 

the presence of activated caspase 3 (p20), indicative of 
apoptosis induction, in both the AsPC-1 and CD18/HPAF 
cells treated with NSC23766. In contrast, no evidence 
of caspase 3 activation was detected in the cells treated 
with either NSC23766 alone or IR alone (Fig. 8A, upper 
and middle panels). For a comparison, we also assessed 
caspase 3 activation in HPNE normal cells treated with 
IR and/or NSC23766. As shown in Fig. 8A (lower panel), 
no evidence of caspase 3 activation was detected in any 
of the HPNE samples, whether treated with IR and/or 
NSC23766. In contrast, the activated caspase 3 was readily 
detected in the positive control, AsPC-1 cells treated with 
both NSC23766 and IR.

To verify the effect of Rac1 inhibition on caspase 
3 activation following IR, CD18/HPAF, AsPC-1 and 
HPNE cells were transduced with N17Rac1 or control 
viral vector and exposed to IR. As shown in Fig. 8B, 

Figure 8: Inhibition of Rac1 induces Caspase 3 activation in pancreatic cancer cells following IR. (A) The indicated cells 
were treated with/without 10 Gy IR in the presence or absence of 100 μM NSC23766 and incubated for 2 days. The cells were analyzed by 
immunoblotting for levels of activated Caspase 3 (p20) and GAPDH. *, positive control for caspase 3 activation: AsPC-1 cells treated with 
NSC23766 and IR. (B) The indicated cells were infected with Ad.N17Rac1 or Ad.Control for 24 h and exposed to 10 Gy IR or left non-
irradiated. Following 24 h incubation, cells were examined by immunoblotting for levels of Rac1, activated Caspase 3 (p20) and GAPDH. 
*, positive control for caspase 3 activation: CD18/HPAF cells were transduced with Ad.N17Rac1 for 24 h, exposed to 10 Gy and incubated 
for 24 h.
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activation of caspase 3 was detected in both the CD18/
HPAF and AsPC-1 cells transduced with N17Rac1 and 
exposed to IR, but not in the control viral vector infected 
cells exposed to IR. Expression of N17Rac1 by itself also 
resulted in a detectable but limited caspase 3 activation 
in CD18/HPAF cells (Fig. 8B, upper panel). But in 
AsPC-1 cells, N17Rac1 by itself did not lead to caspase 
3 activation (Fig. 8B, middle panel). In contrast, ectopic 
N17Rac1 expression did not cause caspase 3 activation in 
HPNE cells, either with or without IR (Fig. 8B, bottom 
panel). Thus, the effect of N17Rac1 on the induction of 
apoptosis following IR appears to be cancer specific, as 
the pancreatic cancer cell lines were more susceptible to 
this effect than HPNE cells.

In summary, results of these studies indicate that 
the inhibition of Rac1 using either pharmacological 
inhibitor or dominant negative mutant promotes apoptosis 
induction after IR in pancreatic cancer cells. However, 
Rac1 inhibition has little effect on the survival of normal 
pancreatic ductal cells following IR.

Rac1 inhibition abolishes IR-induced AKT 
activation in pancreatic cancer cells

Both AKT and ERK1/2 signaling pathways have 
been shown to promote cell survival in response to 
radiation [23]. Since Rac1 has been shown to activate AKT 
and ERK1/2 in response to various stimuli [56, 57, 78, 79], 
we tested the effect of Rac1 inhibition on the IR induced 
activation of AKT and ERK1/2. As shown in Fig. 9A, 
while a marked increase in AKT phosphorylation (pAKT), 

indicative of AKT activation, was detected in CD18/
HPAF cells following IR, this effect of IR was diminished 
in the cells incubated with Rac1 inhibitor NSC23766. 
In contrast, the IR-induced ERK1/2 phosphorylation, 
indicative of ERK1/2 activation, was unaffected by the 
incubation of CD18/HPAF cells with NSC23766 (Fig. 9A, 
pERK1/2). Treatment with IR and/or NSC23766 had no 
detectable effect on the overall levels of AKT and ERK1/2 
proteins (Fig. 9A, AKT and ERK1/2).

The effect of Rac1 on IR-induced activation of 
AKT and ERK1/2 was also examined using N17Rac1 
mutant. As shown in Fig. 9B, ectopic expression of 
N17Rac1 in CD18/HPAF cells resulted in a significant 
diminution of IR-induced AKT phosphorylation (pAKT), 
whereas it did not block the increase of ERK1/2 
phosphorylation following IR (pERK1/2). This result is 
consistent with the effect of Rac1 inhibitor NSC23766, 
suggesting that Rac1 plays an essential role in the IR-
induced AKT activation in CD18/HPAF pancreatic 
cancer cells whereas it has little effect on the IR-induced 
ERK1/2 activation in these cells.

DISCUSSION

Rac1 is constitutively activated in the great 
majority of pancreatic cancers and contributes critically 
to the development and maintenance of pancreatic cancer 
[46, 47]. Rac1 and two of its GEFs, Tiam1 and Vav1, are 
overexpressed in more than 70% of pancreatic cancers 
[46–48]. We also observe in the present study a striking 
up-regulation of Rac1 level/activity in cancerous versus 

Figure 9: Effect of Rac1 inhibition on IR-induced AKT and ERK1/2 phosphorylation. (A) In the presence or absence of 
100 μM NSC23766, CD18/HPAF cells were treated with/without IR and analyzed for phosphorylation and level of AKT and ERK1/2 by 
immunoblotting. GAPDH was assessed as a protein loading control. (B) CD18/HPAF cell were infected with Ad.N17Rac1 or Ad.Control 
for 24 h and exposed to 10 Gy IR or un-irradiated. Following 1 h incubation post IR, the cells were examined for phosphorylation and level 
of AKT and ERK1/2. GAPDH was assessed as a protein loading control.
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normal pancreatic cells (see Fig. 2). The Rac1 signaling 
pathway is required for transformation mediated by the 
Ras oncogene [80–83] and, in the mouse K-RasG12D knock-
in model of pancreatic cancer, Rac1 is required for the 
development of tumors [84, 85]. The pathway promotes 
transformation, protects from apoptosis, and promotes 
motility and invasion [46, 48, 84, 86]. In this report, we 
provide evidence that the Rac1 pathway also plays an 
essential role in the response of pancreatic cancer cells 
to IR. Our results suggest that the hyperactivation of 
this pathway protects pancreatic cancer cells from the 
deleterious effects of radiotherapy.

We have recently identified the Rac1 signaling 
pathway as an important regulator of the response of 
breast cancer cells to IR [63]. In breast cancer cells, Rac1 
is activated by IR and the inhibition of Rac1 abrogates 
G2 checkpoint activation and cell survival following IR. 
In the present report, we uncovered a similar role played 
by Rac1 in pancreatic cancer cells. Pancreatic cancer 
cells are notoriously resistant to the toxicity of radiation 
therapy. Nonetheless, inhibition of Rac1 in pancreatic 
cancer cells with a specific inhibitor or a dominant 
negative mutant of Rac1 is sufficient to abrogate the  
IR-induced G2 checkpoint activation, as evidenced by cell 
cycle analyses, histone H3 phosphorylation, and activity 
assessments of ATR/Chk1 and ATM/Chk2 kinases (see 
Fig. 3–6). The inhibition of Rac1 also abrogates the  
IR-induced AKT activation, which plays an important 
role in antagonizing apoptosis induction. The net effect 
of these alterations caused by Rac1 inhibition is a marked 
increase in radiosensitivity of pancreatic cancer cells, 
as demonstrated by caspase 3 activation, production of 
floating cells and the results of clonogenic survival assays 
(see Fig. 7–8). These results reveal an important role for 
Rac1 pathway in protecting pancreatic cancer cells from 
the cytotoxic effects of IR. The data raises the possibility 
that the intrinsic radioresistance of pancreatic cancer cells 
might be a consequence of the constitutive activation of 
the Rac1 pathway in this disease. Further studies will 
be needed to test this possibility and to decipher the 
mechanisms involved, as well as relative contributions 
of G2 checkpoint abrogation and AKT inhibition to the 
radiosensitizing activities of Rac1 inhibitors.

Activation of AKT and ERK1/2 signaling 
pathways following IR has been associated with cell 
survival after IR [87, 88]. It has also been shown 
that Rac1 is necessary for PI3K/AKT activation by 
lipopolysaccharides and MEK/ERK activation by  
12-O-tetradecanoylphorbol-13-acetate [79, 89]. These 
reports initially led to our hypothesis that both AKT 
and ERK1/2 were downstream targets of Rac1 in the 
response of pancreatic cancer cells to IR. However, 
although IR induces activation of both AKT and ERK1/2 
in CD-18/HPAF cells, inhibition of Rac1 abrogates 
only the AKT activation after IR but not the IR-induced 

ERK1/2 activation (see Fig. 9). These results suggest an 
involvement of AKT but not ERK1/2 in the survival of 
pancreatic cancer cells following IR. We will investigate 
the regulation of IR-induced AKT signaling by Rac1 in 
future studies.

A common pitfall of radiation therapy in pancreatic 
cancer patients is the proximity of critical structures, 
including healthy pancreas, surrounding blood vessels, 
and gastric epithelium. To be valuable in the clinic, an 
ideal radiosensitizer should selectively sensitize cancer 
cells and leave normal cells unaffected. To address this 
issue, we have compared the response of pancreatic 
cancer cells to IR and Rac1 inhibition with that of normal 
pancreatic ductal cells. Our results indicate that Rac1 
inhibition only has little effects on the response of the 
normal cells to IR. Most significantly, survival of normal 
pancreatic ductal cells following IR is only marginally 
affected by the inhibition of Rac1, in stark contrast with 
the radiosensitization observed in the pancreatic cancer 
cell lines. The mechanisms responsible for the differential 
effects of Rac1 inhibitors are unknown. Two major 
differences between normal and cancer cells may play 
a role in this differential response to IR. First, there is a 
marked difference in Rac1 activity between the normal 
pancreatic ductal cells and pancreatic cancer cells (see 
Fig. 2). The high Rac1 activity in the pancreatic cancer 
cells may make these cells more dependent on Rac1 
for survival. Second, most cancer cells have a defective 
G1 checkpoint made dysfunctional by mutations in 
regulators of the G1/S transition (K-Ras, p16 and p53, 
etc.) [90], thereby making these cells more reliant on 
the G2 checkpoint for radioprotection. Our data show 
that the inhibition of Rac1 abrogates the IR-induced G2 
checkpoint activation in the pancreatic cancer cells (see 
Fig. 3–6) but only has subtle, if any, effect on the IR-
induced G1 and G2 checkpoint responses of the normal 
HPNE cells (see Fig. 3D). Additional experiments done 
in vivo using mouse models will be needed to assess the 
selectivity of Rac1 inhibitors and identify the mechanisms 
responsible for this selectively.

Radiation therapy is a staple cancer treatment 
approach, but its efficacy is still limited by the intrinsic 
radioresistance of pancreatic cancer cells. Radiation 
impedes cancer cell growth by inducing cytotoxicity, 
mainly caused by DNA damage. However, radiation can 
also simultaneously induce multiple signaling pathways 
that promote cell survival, such as those mediated by 
AKT, ATM/ATR and ERK. The pro-survival signaling 
pathways generally lead to suppression of apoptosis, 
activation of cell cycle checkpoint and initiation of DNA 
repair. These signaling pathways act conjointly to reduce 
the magnitude of radiation-induced cytotoxicity and 
promote radioresistance in cancer cells. Results in this 
report provide evidence supporting a novel function for 
Rac1 in the survival of pancreatic cancer cells after IR, 
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which include the roles of Rac1 in the activation of G2/M 
checkpoint response and in the suppression of apoptosis 
induction following IR. Thus, a better understanding of 
the mechanisms that promote survival following IR would 
potentially allow for the identification of novel therapeutic 
targets to be explored for radiosensitization of pancreatic 
cancer cells.

MATERIALS AND METHODS

Cell culture and treatment

Human pancreatic cancer cell lines CD18/HPAF, 
AsPC-1, Capan-1 and L3.6pl were obtained from 
American Type Culture Collection (Manassas, VA) and 
maintained in Dulbecco’s Modified Eagle’s medium 
containing 10% fetal bovine serum. HPNE cells are 
primary human pancreatic ductal cells immortalized using 
hTERT, the catalytic subunit of human telomerase [64]. 
HPNE cells were maintained in Medium D medium, 
which contains 3 parts of high glucose DMEM (Life 
Technologies, Carlsbad, CA), 1 part of M3F (INCELL, 
San Antonio, TX), 5% fetal bovine serum and 100 ng/ml 
recombinant EGF(Life Technologies [64].

Rac1 specific inhibitor NSC23766 [68], was 
obtained from Tocris Biosciences (Ellisville, MO) 
and dissolved in water. For experiments involving IR 
exposure, exponentially growing cells were treated with 
IR and then incubated at 37oC for the indicated time prior 
to analysis. For experiments involving treatment with both 
NSC23766 and IR, cells were incubated with NSC23766 
for 1 hour prior to IR exposure.

Antibodies and recombinant proteins

All antibodies were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA) unless otherwise 
indicated. These included mouse IgG for ATM (2C1) 
(Novus Biologicals, Littleton, CO), Cdc2 (17), Chk1 (G-4),  
Chk2 (B-4) and poly(ADP-ribose) (3H2844); rabbit 
IgG for ATM (Ab-3) (EMD Biosciences, San Jose, CA), 
Caspase 3 (Cell Signaling, Danvers, MA), Cdc2 (C-19),  
Chk1 (FL-476), Chk2 (Cell Signaling, Danvers, MA), 
GAPDH (FL-335), Rac1 (C-14); and goat IgG for Actin 
(I-19), ATR (N-19) and phospho-Cdc2 (Tyr15).

Recombinant PAK-1 protein for Rac1 activity 
assay was obtained from Addgene (Cambridge, NH) 
as a glutathione S-transferase (GST) fusion protein 
containing the full-length human PAK1 protein. 
Recombinant p53 protein for ATM and ATR kinase 
assays was a glutathione S-transferase (GST) fusion 
protein containing full-length human p53 (Addgene, 
Cambridge, MA). Recombinant Cdc25C protein, the 
substrate for Chk1 and Chk2 kinase assay, was a GST 
fusion protein containing residues 200–256 of human 
Cdc25C (kindly provided by Dr. Helen Piwnica-Worms,  

Washington University School of Medicine). All GST 
fusion proteins were purified as described previously 
[41]. GST was used as a control substrate in all kinase 
assays and was prepared according to standard procedures 
(GE Healthcare Bio-Sciences, Piscataway, NJ).

Immunoblotting, immunoprecipitation and 
kinase assay

Immunoblotting, immunoprecipitation and kinase 
assays were performed as described previously 
[41, 91, 92]. Specific protein signals on Western blots were 
visualized by chemiluminescence exposed to x-ray film, 
scanned using EPSON Perfection 4490PHOTO scanner 
and analyzed using the ImageJ analytical program (NIH, 
Bethesda, MD).

Rac1 activity assay

Rac1 activity was assayed using a Rac1 assay kit 
(Upstate Biotechnology, Lake Placid, NY), as described 
previously [93, 94]. Briefly, cells were lysed at 4ºC in 
25 mM HEPES buffer (pH 7.4) containing 10 mM MgCl2, 
150 mM NaCL, 1% NP-40, 1 mM EDTA, 2% glycerol, 1 
mM DTT, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml  
pepstatin, 1 mM phenylmethylsulfonyl fluoride, 1mM 
sodium fluoride, and 1 mM sodium vanadate. Cell lysates 
were incubated with agarose beads coated with the  
GST-PAK1 fusion protein for 1 h to capture GTP-bound 
Rac1. The obtained GTP-bound Rac1 (Rac1-GTP) 
was resolved on a 4–20% SDS-PAGE and assessed by 
immunoblotting using an anti-Rac1 antibody, as described 
by the manufacturer’s instruction. As a negative control, 
AsPC1 cell lysates were incubated with 1 mM GDP 
at 30oC for 15 min and analyzed for Rac1 activity as 
instructed by the manufacturer.

Cell cycle analysis

Fluorescence-activated cell sorting (FACS) analysis 
was performed on 20,000 cells using a FACS Calibur 
instrument (Beckon Dickinson, Mansfield, MA), as 
described previously [41].

Analysis for mitotic cells

Cells were exposed to IR in the presence/absence 
of Rac1 specific inhibitor NSC23766, harvested at the 
indicated times, fixed in 70% ethanol and stained with 
propidium iodide (PI) and anti-phospho-histone H3 
antibody (Upstate Biotechnology, Lake Placid, NY) 
[37]. Mitotic cells, which contain both 4N-DNA content 
and phospho-histone H3 [37], were determined using 
a FACSCalibur instrument (Beckon Dickinson) and 
analyzed by using CELLQUEST software. Each analysis 
was performed using 20,000 cells.
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Adenoviral vectors and adenoviral infections

Recombinant adenovirus N17Rac1 (Ad.N17Rac1) 
and control adenovirus dl312 (Ad.Control) were kindly 
provided by Dr. Toren Finkel (NIH, Bethesda, MD). 
In Ad.N17Rac1, the Rac1 cDNA contains a Ser to Asn 
substitution at position 17 and functions as a dominant 
negative mutant [95].

Log-phase cells were infected with either Ad.N17Rac1 
or Ad.Control at the indicated doses for 24 h prior to exposure 
to IR, as described previously [96]. For studies involving 
Chk1 and Chk2 kinase activity analysis, the irradiated cells 
were incubated for 1 h post IR and analyzed for Chk1 and 
Chk2 activities. For studies involving cell cycle analysis, 
the cells were incubated for 24 h post IR and analyzed for 
DNA content by flow cytometry [41]. For studies involving 
mitotic cell analysis, the irradiated cells were incubated for 
2 h and analyzed for cells containing both 4N-DNA content 
and histone H3-Ser10 phosphorylation [37].

Clonogenic survival assay

Clonogenic assay was performed as described 
previously [97]. Briefly, in the presence of no drug or 
NSC23766, cells were exposed to IR at the doses indicated 
and incubated for 3 h following IR. The cells were then 
rinsed with DMEM, re-seeded at the cell number indicated 
in duplicate and incubated for 10–14 days until colonies 
formed. The colonies were visualized by crystal violet 
staining and quantified using ImageJ software as described 
previously [98].

ACKNOWLEDGEMENTS

We thank Dr. Janina Baranowska Kortylewicz 
(UNMC) for research discussion and assistance with the Mark 
I 68A Cesium-137 Irradiator. We thank Dr. Helen Piwnica-
Worms (University of Texas MD Anderson Cancer Center) 
for the GST-Cdc25C construct, Dr. Toren Finkel (National 
Heart, Lung, and Blood Institute) for the Ad.N17Rac1 
and Ad.dl312 adenoviral vectors, and Victoria Smith for 
assistance with the flow cytometry analysis. This work was 
supported by a Nebraska DHHS-LB506 grant 2010–40 to 
Y.Y., NCI Training Grant (T32 CA009476) to K.M.B, NCI 
R01 grant (R01 CA183459) to S.K.B., NCI SPORE grant 
(P50 CA127297) to M.M.O. and S.K.B., and NCI Cancer 
Center Support Grant (P30CA036727) to K. H. C.

REFERENCES

1. Callery MP, Chang KJ, Fishman EK, Talamonti MS, 
 William Traverso L, Linehan DC. Pretreatment assess-
ment of resectable and borderline resectable pancreatic 
cancer: expert consensus statement. Ann Surg Oncol. 2009; 
16:1727–1733.

2. Hazard L. The role of radiation therapy in pancreas cancer. 
Gastrointest Cancer Res. 2009; 3:20–28.

3. Aref A, Berri R. Role of Radiation Therapy in the 
 Management of Locally Advanced Pancreatic Cancer. 
 Journal of Clinical Oncology. 2012; 30:1564–1565.

4. Blackstock AW, Bernard SA, Richards F, Eagle KS, Case LD,  
Poole ME, Savage PD, Tepper JE. Phase I trial of twice-
weekly gemcitabine and concurrent radiation in patients 
with advanced pancreatic cancer. J Clin Oncol. 1999; 
17:2208–2212.

5. Brade A, Brierley J, Oza A, Gallinger S, Cummings B, 
Maclean M, Pond GR, Hedley D, Wong S, Townsley C, 
Brezden-Masley C, Moore M. Concurrent gemcitabine and 
radiotherapy with and without neoadjuvant gemcitabine for 
locally advanced unresectable or resected pancreatic can-
cer: a phase I-II study. Int J Radiat Oncol Biol Phys. 2007; 
67:1027–1036.

6. Burris HA 3rd, Moore MJ, Andersen J, Green MR, 
 Rothenberg ML, Modiano MR, Cripps MC, Portenoy RK, 
Storniolo AM, Tarassoff P, Nelson R, Dorr FA, Stephens 
CD, Von Hoff DD. Improvements in survival and clinical 
benefit with gemcitabine as first-line therapy for patients 
with advanced pancreas cancer: a randomized trial. J Clin 
Oncol. 1997; 15:2403–2413.

7. Cardenes HR, Moore AM, Johnson CS, Yu M, Helft P, 
Chiorean EG, Vinson J, Howard TJ, Stephens AW, Tai DF, 
Loehrer PJ, Sr. A phase II study of gemcitabine in com-
bination with radiation therapy in patients with localized, 
unresectable, pancreatic cancer: a Hoosier Oncology Group 
study. Am J Clin Oncol. 2011; 34:460–465.

8. de Lange SM, van Groeningen CJ, Meijer OW, Cuesta MA, 
Langendijk JA, van Riel JM, Pinedo HM, Peters GJ, Meijer S,  
Slotman BJ, Giaccone G. Gemcitabine-radiotherapy in 
patients with locally advanced pancreatic cancer. Eur J 
 Cancer. 2002; 38:1212–1217.

9. Duffy A, Kortmansky J, Schwartz GK, Capanu M, Puleio S, 
Minsky B, Saltz L, Kelsen DP, O’Reilly EM. A phase I 
study of erlotinib in combination with gemcitabine and radi-
ation in locally advanced, non-operable pancreatic adenocar-
cinoma. Ann Oncol. 2008; 19:86–91.

10. Epelbaum R, Rosenblatt E, Nasrallah S, Faraggi D, Gaitini D,  
Mizrahi S, Kuten A. Phase II study of gemcitabine 
combined with radiation therapy in patients with localized, 
unresectable pancreatic cancer. J Surg Oncol. 2002;  
81:138–143.

11. Goldstein D, Van Hazel G, Walpole E, Underhill C, Kotasek D,  
Michael M, Shapiro J, Davies T, Reece W, Harvey J, 
Spry N. Gemcitabine with a specific conformal 3D 5FU 
radiochemotherapy technique is safe and effective in the 
definitive management of locally advanced pancreatic cancer. 
Br J Cancer. 2007; 97:464–471.

12. Ikeda M, Okada S, Tokuuye K, Ueno H, Okusaka T.  
A phase I trial of weekly gemcitabine and concurrent 
radiotherapy in patients with locally advanced pancreatic 
cancer. Br J Cancer. 2002; 86:1551–1554.



Oncotarget10267www.impactjournals.com/oncotarget

13. Ko AH, Quivey JM, Venook AP, Bergsland EK, Dito E, 
Schillinger B, Tempero MA. A phase II study of fixed-
dose rate gemcitabine plus low-dose cisplatin followed 
by consolidative chemoradiation for locally advanced 
pancreatic cancer. Int J Radiat Oncol Biol Phys. 2007; 
68:809–816.

14. Kornek GV, Potter R, Selzer E, Schratter A, Ulrich-Pur H,  
Rogy M, Kraus G, Scheithauer W. Combined 
radiochemotherapy of locally advanced unresectable 
pancreatic adenocarcinoma with mitomycin C plus 24-hour 
continuous infusional gemcitabine. Int J Radiat Oncol Biol 
Phys. 2001; 49:665–671.

15. Maurel J, Martin-Richard M, Conill C, Sanchez M, Petriz L,  
Gines A, Miquel R, Gallego R, Cajal R, Ayuso C, Navarro S,  
Marmol M, Nadal C, Auge JM, Fernandez-Cruz L, Gascon P.  
Phase I trial of gefitinib with concurrent radiotherapy 
and fixed 2-h gemcitabine infusion, in locally advanced 
pancreatic cancer. Int J Radiat Oncol Biol Phys. 2006; 
66:1391–1398.

16. McGinn CJ, Zalupski MM, Shureiqi I, Robertson JM, 
Eckhauser FE, Smith DC, Brown D, Hejna G, Strawderman M,  
Normolle D, Lawrence TS. Phase I trial of radiation 
dose escalation with concurrent weekly full-dose 
gemcitabine in patients with advanced pancreatic cancer.  
J Clin Oncol. 2001; 19:4202–4208.

17. Muler JH, McGinn CJ, Normolle D, Lawrence T, Brown D,  
Hejna G, Zalupski MM. Phase I trial using a time- 
to-event continual reassessment strategy for dose escalation 
of cisplatin combined with gemcitabine and radiation therapy 
in pancreatic cancer. J Clin Oncol. 2004; 22:238–243.

18. Murphy JD, Adusumilli S, Griffith KA, Ray ME, Zalupski MM,  
Lawrence TS, Ben-Josef E. Full-dose gemcitabine and 
concurrent radiotherapy for unresectable pancreatic cancer. 
Int J Radiat Oncol Biol Phys. 2007; 68:801–808.

19. Okusaka T, Ito Y, Ueno H, Ikeda M, Takezako Y, Morizane C,  
Kagami Y, Ikeda H. Phase II study of radiotherapy combined 
with gemcitabine for locally advanced pancreatic cancer. Br J 
Cancer. 2004; 91:673–677.

20. Symon Z, Davis M, McGinn CJ, Zalupski MM, Lawrence TS. 
Concurrent chemoradiotherapy with gemcitabine and cisplatin 
for pancreatic cancer: from the laboratory to the clinic. Int J 
Radiat Oncol Biol Phys. 2002; 53:140–145.

21. Wilkowski R, Thoma M, Schauer R, Wagner A, Heinemann 
V. Effect of chemoradiotherapy with gemcitabine and 
cisplatin on locoregional control in patients with primary 
inoperable pancreatic cancer. World journal of surgery. 
2004; 28:1011–1018.

22. Wolff RA, Evans DB, Gravel DM, Lenzi R, Pisters PW, 
Lee JE, Janjan NA, Charnsangavej C, Abbruzzese JL. 
Phase I trial of gemcitabine combined with radiation for the 
treatment of locally advanced pancreatic adenocarcinoma. 
Clin Cancer Res. 2001; 7:2246–2253.

23. Valerie K, Yacoub A, Hagan MP, Curiel DT, Fisher PB, 
Grant S, Dent P. Radiation-induced cell signaling: inside-
out and outside-in. Molecular Cancer Therapeutics. 2007; 
6:789–801.

24. Sancar A, Lindsey-Boltz LA, Unsal-Kacmaz K, Linn S.  
Molecular mechanisms of mammalian DNA repair and 
the DNA damage checkpoints. Annu Rev Biochem. 2004;  
73:39–85.

25. Motoyama N, Naka K. DNA damage tumor suppressor genes 
and genomic instability. Current Opinion in Genetics &  
Development. 2004; 14:11.

26. Kuntz K, O’Connell MJ. The G2 DNA damage 
checkpoint: Could this ancient regulator be the Achilles 
heel of cancer? Cancer Biology & Therapy. 2009; 
8:1433–1439.

27. Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, 
Craig RW. Participation of p53 protein in the cellular 
response to DNA damage. Cancer Research. 1991; 
51:6304–6311.

28. Smits VA, Medema RH. Checking out the G(2)/M 
transition. Biochim Biophys Acta. 2001; 1519:1–12.

29. Rhind N, Furnari B, Russell P. Cdc2 tyrosine 
phosphorylation is required for the DNA damage 
checkpoint in fission yeast. Genes Dev. 1997; 11:504–511.

30. Kharbanda S, Saleem A, Datta R, Yuan ZM, Weichselbaum 
R, Kufe D. Ionizing radiation induces rapid tyrosine 
phosphorylation of p34cdc2. Cancer Res. 1994;  
54:1412–1414.

31. 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; 16:545–554.

32. Lundgren K, Walworth N, Booher R, Dembski M, Kirschner M,  
Beach D. mik1 and wee1 cooperate in the inhibitory 
tyrosine phosphorylation of cdc2. Cell. 1991; 64: 
1111–1122.

33. Parker LL, Atherton-Fessler S, Piwnica-Worms H. 
p107wee1 is a dual-specificity kinase that phosphorylates 
p34cdc2 on tyrosine 15. Proc Natl Acad Sci U S A. 1992; 
89:2917–2921.

34. Bulavin DV, Higashimoto Y, Demidenko ZN, Meek S,  
Graves P, Phillips C, Zhao H, Moody SA, Appella E, 
Piwnica-Worms H, Fornace AJ Jr. Dual phosphorylation 
controls Cdc25 phosphatases and mitotic entry. Nat Cell 
Biol. 2003; 5:545–551.

35. Kastan MB, Bartek J. Cell-cycle checkpoints and cancer. 
Nature. 2004; 432:316–323.

36. Prigent C, Dimitrov S. Phosphorylation of serine 
10 in histone H3, what for? J Cell Sci. 2003; 116: 
3677–3685.

37. Xu B, Kastan MB. Analyzing cell cycle checkpoints after 
ionizing radiation. Methods Mol Biol. 2004; 281:283–292.



Oncotarget10268www.impactjournals.com/oncotarget

38. Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli 
T, Brinkley BR, Bazett-Jones DP, Allis CD. Mitosis-specific 
phosphorylation of histone H3 initiates primarily within 
pericentromeric heterochromatin during G2 and spreads 
in an ordered fashion coincident with mitotic chromosome 
condensation. Chromosoma. 1997; 106:348–360.

39. Sauve DM, Anderson HJ, Ray JM, James WM, Roberge M.  
Phosphorylation-induced rearrangement of the histone 
H3 NH2-terminal domain during mitotic chromosome 
condensation. J Cell Biol. 1999; 145:225–235.

40. Xu B, Kim ST, Lim DS, Kastan MB. Two molecularly 
distinct G(2)/M checkpoints are induced by ionizing 
irradiation. Mol Cell Biol. 2002; 22:1049–1059.

41. Yan Y, Black CP, Cowan KH. Irradiation-induced G2/M 
checkpoint response requires ERK1/2 activation. Oncogene. 
2007; 26:4689–4698.

42. Bosco E, Mulloy J, Zheng Y. Rac1 GTPase: A “Rac” of 
All Trades. Cellular and Molecular Life Sciences (CMLS). 
2009; 66:370.

43. Wertheimer E, Gutierrez-Uzquiza A, Rosemblit C, Lopez-
Haber C, Sosa MS, Kazanietz MG. Rac signaling in breast 
cancer: A tale of GEFs and GAPs. Cellular Signalling. 
2012; 24:353–362.

44. Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new 
insights into their functions from in vivo studies. Nat Rev 
Mol Cell Biol. 2008; 9:690.

45. Brown JH, Del Re DP, Sussman MA. The Rac and Rho 
Hall of Fame: A Decade of Hypertrophic Signaling Hits. 
Circ Res. 2006; 98:730–742.

46. Guo X, Wang M, Jiang J, Xie C, Peng F, Li X, Tian R,  
Qin R. Balanced Tiam1-rac1 and RhoA drives proliferation 
and invasion of pancreatic cancer cells. Mol Cancer Res. 
2013; 11:230–239.

47. Crnogorac-Jurcevic T, Efthimiou E, Capelli P, Blaveri E, 
Baron A, Terris B, Jones M, Tyson K, Bassi C, Scarpa A,  
Lemoine NR. Gene expression profiles of pancreatic 
cancer and stromal desmoplasia. Oncogene. 2001; 20: 
7437–7446.

48. Fernandez-Zapico ME, Gonzalez-Paz NC, Weiss E, 
Savoy DN, Molina JR, Fonseca R, Smyrk TC, Chari ST, 
Urrutia R, Billadeau DD. Ectopic expression of 
VAV1 reveals an unexpected role in pancreatic cancer 
tumorigenesis. Cancer Cell. 2005; 7:39–49.

49. DeNicol G, Tuveson DA. VAV1: A new target in 
pancreatic cancer? Cancer Biology & Therapy. 2005; 4: 
509–511.

50. Michaelson D, Abidi W, Guardavaccaro D, Zhou M, 
Ahearn I, Pagano M, Philips MR. Rac1 accumulates in the 
nucleus during the G2 phase of the cell cycle and promotes 
cell division. J Cell Biol. 2008; 181:485–496.

51. Eblen ST, Slack JK, Weber MJ, Catling AD. Rac-PAK 
Signaling Stimulates Extracellular Signal-Regulated Kinase 
(ERK) Activation by Regulating Formation of MEK1-ERK 
Complexes. Mol Cell Biol. 2002; 22:6023–6033.

52. King AJ, Sun H, Diaz B, Barnard D, Miao W, Bagrodia S, 
Marshall MS. The protein kinase Pak3 positively regulates 
Raf-1 activity through phosphorylation of serine 338. 
Nature. 1998; 396:180–183.

53. Slack-Davis JK, Eblen ST, Zecevic M, Boerner SA, 
Tarcsafalvi A, Diaz HB, Marshall MS, Weber MJ, Parsons 
JT, Catling AD. PAK1 phosphorylation of MEK1 regulates 
fibronectin-stimulated MAPK activation. J Cell Biol. 2003; 
162:281–291.

54. Bokoch GM, Vlahos CJ, Wang Y, Knaus UG, Traynor-
Kaplan AE. Rac GTPase interacts specifically with 
phosphatidylinositol 3-kinase. Biochem J. 1996; 315: 
775–779.

55. Tolias KF, Cantley LC, Carpenter CL. Rho family GTPases 
bind to phosphoinositide kinases. J Biol Chem. 1995; 
270:17656–17659.

56. Murga C, Zohar M, Teramoto H, Gutkind JS. Rac1 and RhoG 
promote cell survival by the activation of PI3K and Akt, 
independently of their ability to stimulate JNK and NF-
kappaB. Oncogene. 2002; 21:207–216.

57. Gonzalez E, Kou R, Michel T. Rac1 modulates sphingosine 
1-phosphate-mediated activation of phosphoinositide 
3-kinase/Akt signaling pathways in vascular endothelial cells. 
J Biol Chem. 2006; 281:3210–3216.

58. Abbott DW, Holt JT. Mitogen-activated protein kinase 
kinase 2 activation is essential for progression through 
the G2/M checkpoint arrest in cells exposed to ionizing 
radiation. J Biol Chem. 1999; 274:2732–2742.

59. Tang D, Wu D, Hirao A, Lahti JM, Liu L, Mazza B, Kidd VJ,  
Mak TW, Ingram AJ. ERK activation mediates cell cycle 
arrest and apoptosis after DNA damage independently of 
p53. J Biol Chem. 2002; 277:12710–12717.

60. Toulany M, Lee K-J, Fattah KR, Lin Y-F, Fehrenbacher B,  
Schaller M, Chen BP, Chen DJ, Rodemann HP. Akt 
Promotes Post-Irradiation Survival of Human Tumor 
Cells through Initiation, Progression, and Termination of  
DNA-PKcs–Dependent DNA Double-Strand Break Repair. 
Molecular Cancer Research. 2012; 10:945–957.

61. Sahlberg SH, Gustafsson AS, Pendekanti PN, Glimelius B, 
Stenerlow B. The influence of AKT isoforms on radiation 
sensitivity and DNA repair in colon cancer cell lines. 
Tumour Biol. 2014; 35:3525–3534.

62. Shimura T, Kakuda S, Ochiai Y, Kuwahara Y, Takai Y, 
Fukumoto M. Targeting the AKT/GSK3β/Cyclin D1/Cdk4 
Survival Signaling Pathway for Eradication of Tumor 
Radioresistance Acquired by Fractionated Radiotherapy. 
International Journal of Radiation Oncology Biology 
Physics. 2011; 80:540–548.

63. Yan Y, Greer PM, Cao PT, Kolb RH, Cowan KH. RAC1 
GTPase plays an important role in gamma-irradiation 
induced G2/M checkpoint activation. Breast cancer 
research: BCR. 2012; 14:R60.

64. Lee KM, Yasuda H, Hollingsworth MA, Ouellette MM. 
Notch 2-positive progenitors with the intrinsic ability 



Oncotarget10269www.impactjournals.com/oncotarget

to give rise to pancreatic ductal cells. Lab Invest. 2005; 
85:1003–1012.

65. Pozarowski P, Darzynkiewicz Z. Analysis of cell cycle by 
flow cytometry. Methods Mol Biol. 2004; 281:301–311.

66. Westwick JK, Lambert QT, Clark GJ, Symons M, Van Aelst 
L, Pestell RG, Der CJ. Rac regulation of transformation, 
gene expression, and actin organization by multiple, PAK-
independent pathways. Mol Cell Biol. 1997; 17:1324–1335.

67. Arias-Romero LE, Villamar-Cruz O, Pacheco A, Kosoff R,  
Huang M, Muthuswamy SK, Chernoff J. A  Rac-Pak  
signaling pathway is essential for ErbB2-mediated 
transformation of human breast epithelial cancer cells. 
Oncogene. 2010; 29:5839–5849.

68. Gao Y, Dickerson JB, Guo F, Zheng J, Zheng Y. Rational 
design and characterization of a Rac GTPase-specific 
small molecule inhibitor. Proc Natl Acad Sci U S A.  
2004; 101:7618–7623.

69. Donawho CK, Luo Y, Penning TD, Bauch JL, Bouska JJ, 
Bontcheva-Diaz VD, Cox BF, DeWeese TL, Dillehay LE, 
Ferguson DC, Ghoreishi-Haack NS, Grimm DR, Guan R, 
Han EK, Holley-Shanks RR, Hristov B, et al. ABT-888, 
an orally active poly(ADP-ribose) polymerase inhibitor 
that potentiates DNA-damaging agents in preclinical 
tumor models. Clinical cancer research : an official journal 
of the American Association for Cancer Research. 2007;  
13:2728–2737.

70. Mizuarai S, Yamanaka K, Itadani H, Arai T, Nishibata T, 
Hirai H, Kotani H. Discovery of gene expression-based 
pharmacodynamic biomarker for a p53 context-specific anti-
tumor drug Wee1 inhibitor. Molecular Cancer. 2009; 8:34.

71. Iyama T, Wilson Iii DM. DNA repair mechanisms in 
dividing and non-dividing cells. DNA Repair. 2013; 
12:620–636.

72. Parker LL, Piwnica-Worms H. Inactivation of the p34cdc2-
cyclin B complex by the human WEE1 tyrosine kinase. 
Science. 1992; 257:1955–1957.

73. Xu B, Kim S, Kastan MB. Involvement of Brca1 in S-phase 
and G(2)-phase checkpoints after ionizing irradiation. Mol 
Cell Biol. 2001; 21:3445–3450.

74. O’Connell MJ, Walworth NC, Carr AM. The G2-phase 
DNA-damage checkpoint. Trends in Cell Biology. 2000; 
10:296–303.

75. Iliakis G, Wang Y, Guan J, Wang H. DNA damage 
checkpoint control in cells exposed to ionizing radiation. 
Oncogene. 2003; 22:5834–5847.

76. Moore KA, Sethi R, Doanes AM, Johnson TM, Pracyk JB,  
Kirby M, Irani K, Goldschmidt-Clermont PJ, Finkel T. Rac1 
is required for cell proliferation and G2/M progression. 
Biochem J. 1997; 326:17–20.

77. Nicholson DW. Caspase structure, proteolytic substrates, 
and function during apoptotic cell death. Cell Death Differ. 
1999; 6:1028–1042.

78. Bid HK, Roberts RD, Manchanda PK, Houghton PJ. 
RAC1: An Emerging Therapeutic Option for Targeting 
Cancer Angiogenesis and Metastasis. Molecular Cancer 
Therapeutics. 2013; 12:1925–1934.

79. Jiang D, Li D, Cao L, Wang L, Zhu S, Xu T, Wang C, 
Pan D. Positive Feedback Regulation of Proliferation 
in Vascular Smooth Muscle Cells Stimulated by 
Lipopolysaccharide Is Mediated through the TLR 4/Rac1/
Akt Pathway. PLoS ONE. 2014; 9:e92398.

80. Khosravi-Far R, Solski PA, Clark GJ, Kinch MS, Der CJ.  
Activation of Rac1, RhoA, and mitogen-activated protein 
kinases is required for Ras transformation. Mol Cell Biol. 
1995; 15:6443–6453.

81. Kissil JL, Walmsley MJ, Hanlon L, Haigis KM, Bender 
Kim CF, Sweet-Cordero A, Eckman MS, Tuveson DA, 
Capobianco AJ, Tybulewicz VL, Jacks T. Requirement for 
Rac1 in a K-ras induced lung cancer in the mouse. Cancer 
Res. 2007; 67:8089–8094.

82. Qiu RG, Chen J, Kirn D, McCormick F, Symons M. An 
essential role for Rac in Ras transformation. Nature. 1995; 
374:457–459.

83. Samuel MS, Lourenco FC, Olson MF. K-Ras mediated 
murine epidermal tumorigenesis is dependent upon and 
associated with elevated Rac1 activity. PLoS One. 2011; 
6:e17143.

84. Heid I, Lubeseder-Martellato C, Sipos B, Mazur PK, Lesina M,  
Schmid RM, Siveke JT. Early requirement of Rac1 in a 
mouse model of pancreatic cancer. Gastroenterology. 2011; 
141:719–730, 730 e711–717.

85. Wertheimer E, Kazanietz MG. Rac1 takes center stage in 
pancreatic cancer and ulcerative colitis: quantity matters. 
Gastroenterology. 2011; 141:427–430.

86. Du J, Liu J, Smith BJ, Tsao MS, Cullen JJ. Role of  
Rac1-dependent NADPH oxidase in the growth of pancreatic 
cancer. Cancer gene therapy. 2011; 18:135–143.

87. Bussink J, van der Kogel AJ, Kaanders JHAM. Activation 
of the PI3-K/AKT pathway and implications for 
radioresistance mechanisms in head and neck cancer. The 
Lancet Oncology. 2008; 9:288–296.

88. Munshi A, Ramesh R. Mitogen-Activated Protein Kinases 
and Their Role in Radiation Response. Genes Cancer. 2013; 
4:401–408.

89. Wang Z, Pedersen E, Basse A, Lefever T, Peyrollier K,  
Kapoor S, Mei Q, Karlsson R, Chrostek-Grashoff A, 
Brakebusch C. Rac1 is crucial for Ras-dependent skin tumor 
formation by controlling Pak1-Mek-Erk hyperactivation and 
hyperproliferation in vivo. Oncogene. 2010; 29:3362–3373.

90. Kastan MB, Canman CE, Leonard CJ. P53, cell cycle 
control and apoptosis: implications for cancer. Cancer 
metastasis reviews. 1995; 14:3–15.

91. Sarkaria JN, Busby EC, Tibbetts RS, Roos P, Taya Y, 
Karnitz LM, Abraham RT. Inhibition of ATM and ATR 



Oncotarget10270www.impactjournals.com/oncotarget

kinase activities by the radiosensitizing agent, caffeine. 
Cancer Res. 1999; 59:4375–4382.

92. Hall-Jackson CA, Cross DA, Morrice N, Smythe C.  
ATR is a caffeine-sensitive, DNA-activated protein 
kinase with a substrate specificity distinct from DNA-PK. 
Oncogene. 1999; 18:6707–6713.

93. Wei Q, Adelstein RS. Pitx2a expression alters actin-myosin 
cytoskeleton and migration of HeLa cells through Rho 
GTPase signaling. Mol Biol Cell. 2002; 13:683–697.

94. Cook JA, Albacker L, August A, Henderson AJ. CD28-
dependent HIV-1 transcription is associated with Vav, 
Rac, and NF-kappa B activation. J Biol Chem. 2003;  
278:35812–35818.

95. Ridley AJ, Paterson HF, Johnston CL, Diekmann D,  
Hall A. The small GTP-binding protein rac regulates 

growth factor-induced membrane ruffling. Cell. 1992;  
70:401–410.

96. Yan Y, Haas JP, Kim M, Sgagias MK, Cowan KH. 
BRCA1-induced apoptosis involves inactivation of ERK1/2 
activities. J Biol Chem. 2002; 277:33422–33430.

97. Kuo P-L, Hsu Y-L, Cho C-Y. Plumbagin induces 
G2-M arrest and autophagy by inhibiting the AKT/
mammalian target of rapamycin pathway in breast 
cancer cells. Molecular Cancer Therapeutics. 2006;  
5:3209–3221.

98. Cai Z, Chattopadhyay N, Liu WJ, Chan C, Pignol J-P,  
Reilly RM. Optimized digital counting colonies of 
clonogenic assays using ImageJ software and customized 
macros: Comparison with manual counting. International 
Journal of Radiation Biology. 2011; 87:1135–1146.


