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Abstract

Pancreatic cancer remains a clinical challenge, thus new therapies are urgently needed. The
selective Weel inhibitor MK-1775 has demonstrated promising results when combined with DNA
damaging agents, and more recently with CHK1 inhibitors in various malignancies. We have
previously demonstrated that treatment with the pan-histone deacetylase inhibitor panobinostat
(LBH589) can cause down-regulation of CHK1. Accordingly, we investigated using panobinostat
to down-regulate CHK1 in combination with MK-1775 to enhance cell death in preclinical
pancreatic cancer models. We demonstrate that MK-1775 treatment results in increased H2AX
phosphorylation, indicating increased DNA double-strand breaks, and activation of CHK1, which
are both dependent on CDK activity. Combination of MK-1775 and panobinostat resulted in
synergistic antitumor activity in six pancreatic cancer cell lines. Finally, our in vivo study using a
pancreatic xenograft model reveals promising cooperative antitumor activity between MK-1775
and panobinostat. Our study provides compelling evidence that the combination of MK-1775 and
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panobinostat has antitumor activity in preclinical models of pancreatic cancer and supports the
clinical development of panobinostat in combination with MK-1775 for the treatment of this
deadly disease.
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Introduction

Pancreatic cancer remains a very difficult disease to treat. The fourth most lethal cancer in
the United States, pancreatic cancer has a grim prognosis, with a 5-year survival rate of 6%
[1]. Standard chemotherapeutic care for pancreatic cancer involves treatment with
gemcitabine, a nucleoside analogue, but offers only modest benefit [2]. Furthermore,
combinations of other cytotoxic agents with gemcitabine have, in general, offered little
improvement [3]. Thus, there is an obvious need to develop more effective therapy for this
disease.

Cell cycle progression is a tightly regulated process. The cell cycle is driven by the
activation of various cyclin dependent kinases (CDKSs), which are regulated by a
combination of cyclin expression and inhibitory phosphorylation. The Weel kinase is
capable of phosphorylating CDK1 and CDK2 on Tyr-15 (Y15), preventing progression
through G2/M and S phase, respectively [4,5]. This phosphorylation can be removed by the
CDC25 phosphatases, which are in turn inactivated when phosphorylated by CHK1 [6,7].
Finally, CHK1 activity is controlled primarily by ATR kinase, which activates CHK1 by
phosphorylation upon sensing replication stress or DNA damage [8,9]. Thus, both the CHK1
and the Weel pathways contribute to maintaining inhibitory phosphorylation of CDKSs.

MK-1775, the first potent and selective inhibitor of Weel, has been investigated primarily as
an agent that can target the G2/M checkpoint to exert toxicity specifically in p53-mutant
cells [10]. It has been shown that, when combined with DNA damaging agents, MK-1775 is
able to abrogate the G2/M checkpoint and enhance apoptosis, although recent studies have
questioned the p53-dependence of these effects [10-18]. Importantly, it has been shown that
Weel inhibition alone can induce DNA damage, likely through the induction of replication
stress secondary to overactive CDKs and inhibition of DNA repair [19].

Histone deacetylase (HDAC) inhibitors (HDACIS) have been shown in vitro to have
promising anti-cancer activity, but their single-agent effectiveness in the clinic has been only
modest [20-27]. However, there are many clinical trials investigating the role of HDACIs in
combination therapies (NCT01242774, NCT01742793, NCT02061449, and NCT02145715,
clinicaltrials.gov). Previous work from this lab has demonstrated the ability of HDACIs to
synergize with standard chemotherapeutic agents, at least in part by enhancing DNA damage
[28-31]. Importantly, we recently demonstrated that treatment with the pan-HDACI
panobinostat (LBH589) was able to down-regulate CHK1 [28,29]. It has been reported that
combined inhibition of Weel and CHK1 is effective at inducing cancer cell death [13,32-
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34], leading us to consider the combination of MK-1775 and panobinostat for the treatment
of pancreatic cancer.

In this work, we use pre-clinical pancreatic cancer models to investigate the effects of the
combination of MK-1775 and panobinostat, and the mechanism by which panobinostat
enhances MK-1775-induced apoptosis. We demonstrate that MK-1775 alone is able to
induce DNA damage and activate CHK1 in a CDK-dependent fashion. Panobinostat
treatment down-regulates CHK1 and synergizes with MK-1775 to enhance apoptosis and
cell growth inhibition. Importantly, we demonstrate that in some cell lines, the CHK1
pathway is able to overcome single agent Weel inhibition and maintain phosphorylation of
CDKZ1. This demonstrates a potential mechanism of resistance to treatment with MK-1775
and emphasizes the importance of combinations with agents such as panobinostat.

Materials and methods

Drugs

Cell culture

MK-1775, panobinostat, LY2603618, and roscovitine were purchased from Selleck
Chemicals (Houston, TX, USA).

The AsPC-1, BXPC-3, CFPAC-1, HPAC, MIAPaCa-2 and PANC-1 human pancreatic
cancer cell lines were purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and cultured as previously described [35]. The cell lines were
authenticated by the University of Arizona Genetics Core Facility (Tucson, AZ, USA).

In vitro cytotoxicity assays

In vitro cytotoxicities of MK-1775, panobinostat, roscovitine, and LY2603618, alone or in
combination, in pancreatic cancer cell lines were measured by using MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium-bromide, Sigma-Aldrich, St. Louis, MO, USA)
reagent, as previously described [30,36,37]. 1C5q values were calculated as drug
concentrations necessary to inhibit 50% growth compared to untreated control cells. The
extent and direction of MK-1775 and panobinostat antitumor interactions were determined
by standard isobologram analyses and by evaluating combination index (Cl) values,
calculated using CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA), where Cl < 1,
Cl =1, and CI > 1 indicate synergistic, additive, and antagonistic effects, respectively.

Apoptosis and cell cycle progression

Pancreatic cancer cells were treated with the indicated drugs for up to 48 h. DNA content
was determined by propidium iodide (PI) staining and flow cytometry analysis using a
FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA), as previously described
[38]. Cell cycle analysis was performed using Multicycle software (Phoenix Flow Systems,
Inc., San Diego, CA, USA). Apoptotic events were expressed as the percent of cells with
sub-G1 DNA content. Histograms were created using FlowJo v7.6.5 (Tree Star, Ashland,
OR, USA). Apoptosis measured using annexin V/PI dual staining was performed as
previously described [30,39].

Cancer Lett. Author manuscript; available in PMC 2015 January 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 4

Western blot analysis

Soluble proteins were extracted (in the presence of cOmplete protease and phosSTOP
phosphatase inhibitors, Roche Applied Sciences, Indianapolis, IN, USA) and subjected to
SDS-polyacrylamide gel electrophoresis. Separated proteins were electrophoretically
transferred onto polyvinylidene difluoride (PVVDF) membranes (Thermo Fisher Inc.,
Rockford, IL, USA) and immunoblotted with anti-Weel (4936), -PKMyt-1 (4282), -PARP
(9542), -pCHK1(S345) (2341), -pCDC25C(S216) (9528), -pCDK1(Y15) (9111), -CDK1
(9112), -CDK2 (2546), -pH3(S10) (9701) or -yH2AX (2577, Cell Signaling Technology,
Danvers, MA, USA), -CHK1 (sc8408, Santa Cruz Biotechnology, Santa Cruz, CA, USA), -
pCDK2(Y15) (ab76146, Abcam, Cambridge, MA, USA), -ac-histone H4 (06-598), -histone
H4 (07-108, Upstate Biotechnology, Lake Placid, NY, USA), -acetyl-a-tubulin (T7451) or -
beta-actin antibody (A2228, Sigma-Aldrich), as previously described [39]. Primary
antibodies were diluted 1:1000 in Odyssey Blocking Buffer (Li-Cor, Lincoln, NE, USA),
except anti-beta-actin which was diluted 1:10,000. Immunoreactive proteins were visualized
using the Odyssey Infrared Imaging System (Li-Cor), as described by the manufacturer.

Lentivirus production and shRNA knockdown of Weel

The pMD-VSV-G and delta 8.2 plasmids were gifts from Dr. Dong at Tulane University.
Weel and non-target control lentiviral vectors were purchased from Sigma-Aldrich.
Lentivirus production and transduction of BXPC-3 cells were carried out as previously
described [28].

Establishment of a mouse pancreatic cancer xenograft model

Female BALB/c nude mice (18-22g) were purchased from Vital River Laboratories
(Beijing, China). The animal study was conducted following internationally recognized
guidelines and was approved by the Animal Research Committee of Norman Bethune
College of Medicine, Jilin University. The BxPC-3 xenograft model was generated as
previously described [35]. BXxPC-3 cells were adjusted to a density of 2 x 107 cells/mL with
matrigel (BD Biosciences, San Jose, CA, USA) and inoculated subcutaneously in the right
side axillae (0.1 mL/mouse). Once the tumor diameter reached approximately 0.5 cm it was
isolated and cut into small pieces (1 mm in diameter). The right side axillae skin of mice
was punctured to form a 5 mm long sinus tract where the tumor fragment was inserted
subcutaneously. When the xenografts reached a volume of 170.2 +23.4 mm3, the mice were
randomized into four groups (7 animals per group, the mean tumor volumes were 171.9 +
10.6, 174.0 9.4, 163.9 8.7, and 171.0 £8.5 mm3 for the vehicle control, panobinostat,
MK-1775, and combination group, respectively) and treated with (i) vehicle control, (ii) 10
mg/kg panobinostat once daily on Monday and Wednesday administered by intraperitoneal
injection, (iii) 20 mg/kg MK-1775 twice daily on Monday and Wednesday by oral gavage,
or (iv) 10 mg/kg panobinostat once daily by intraperitoneal injection and 20 mg/kg
MK-1775 by oral gavage twice daily on Monday and Wednesday, for three weeks. Tumor
diameters were measured with a caliper every 2-3 days. Tumor volume was calculated
according to the following formula: m12 x m2 x 0.5236 (m1: short diameter; m2: long
diameter). Once a tumor in the control group reached 1500 mm3 the mice were sacrificed.
Tumor growth inhibition was calculated using the equation 100%xT/C, where C = final
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mean tumor volume — initial tumor volume for the control and T = final mean tumor volume
— initial tumor volume for the treated.

Hematoxylin & eosin (H&E), immunohistochemical, and TUNEL staining

On day 22, mice were sacrificed and tumors from 6 mice in each treatment group were
excised for H&E, proliferating cell nuclear antigen (PCNA) immunohistochemical staining,
as previously described [35], and TUNEL staining. The slides were analyzed using a
microscope and brown staining was scored using Image-Pro Plus 6.0 (Media Cybernetics,
Inc., Bethesda, MD, USA). TUNEL assay was performed using the DeadEnd™
Fluorometric TUNEL System kit (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Pl was used to stain the nuclei. The localized green fluorescence of
the apoptotic cells and red Pl-stained nuclei were visualized by fluorescence microscopy.

Statistical analysis

Results

Differences in cell apoptosis between panobinostat, roscovitine, LY2603618 or MK-1775
treated (individually or combined) and untreated cells were compared using the pair-wise
two-sample t-test. The effect of treatment on the rate of tumor growth in the animal study
was assessed by the coefficients corresponding to the interactions between treatment and
time in the mixed effects model [40] using the nlme package in R [41]. All other statistical
analyses were performed with GraphPad Prism 5.0. In all analyses, a p<0.05 corresponded
to statistical significance.

MK-1775 induces DNA damage and activates CHK1

To investigate the effects of MK-1775 treatment in pancreatic cancer cells, we first
determined the expression levels of Weel, PKMyt-1, p-CDK1, CDK1, p-CDK2, and CDK2
in 6 pancreatic cell lines by Western blot. The majority of cell lines expressed variable
levels for all of the proteins (Fig. 1A). Then we determined MK-1775 sensitivity by MTT
assays. MK-1775 ICxgs varied, ranging from 470 nM (HPAC) to 13.2 uM (ASPC-1) (Fig.
1B, Table 1).

Next, we treated the pancreatic cancer cell lines with 500 nM MK-1775, a clinically
achievable concentration [42,43], for 48 h and analyzed the cell cycle distributions.
MK-1775 treatment caused S arrest or both S and G2/M arrest in all of the cell lines tested
(Fig. 1C). This was accompanied by decreased p-CDK1 and p-CDK2 in all of the cell lines
tested, except the BXPC-3 cells. Following MK-1775 treatment, MIAPaCa-2 and PANC-1
cells had increased levels of phosphorylated histone H3 (S10), indicating an increase of
mitotic cells (Fig. 1D). Both HPAC and MIAPaCa-2 cells had a substantial amount of
apoptotic cells following MK-1775 treatment, as indicated by the high percentage of cells
with sub-G1 DNA content and increased PARP cleavage (Fig. 1C-E). Inhibition of Weel
resulted in increased yH2AX levels, indicating increased DNA double-strand breaks (Fig.
1D), in all of the cell lines. In addition, most cell lines had increased p-CHK1, indicating
activation of the CHK1 pathway (Fig. 1D). To determine if these were on-target effects, we
used an shRNA to knockdown Weel in the BxPC-3 cells (designated Weel-shRNA). This
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resulted in increased S phase cells and increased YH2AX and p-CHK1 levels compared to
non-target control cells (designated NTC-shRNA, Fig. 1F&G), consistent with the MK-1775
treatments in the parental cell line, suggesting that the MK-1775 treatment effects were on-
target.

We then treated BxPC-3 and HPAC cells with 500 nM MK-1775 to determine the effects
over time. In both cell lines there was a time-dependent increase in S phase cells and
apoptosis, as well as increased yH2AX, indicating increased DNA damage. Total CHK1
levels decreased over time in both cell lines (Fig. 2). Although CHK1 activation was not
observed after MK-1775 48 h treatment in HPAC cells, we did detect an increased level as
early as 4 h, which decreased to a level similar to baseline by 24 h (Fig. 2D). The BxPC-3
cells had a similar dynamic; however, the level at 48 h remained substantially higher than
baseline (Fig. 2B). Total CDK1 and CDK2 levels remained largely unchanged over the
course of the treatment in the BxPC-3 cells, whereas there was a time-dependent decrease in
the HPAC cells.

MK-1775-induced DNA damage is dependent on CDK activity

To determine if the DNA damage induced by MK-1775 treatment is dependent on CDK
activity, we treated HPAC cells with roscovitine, a CDK inhibitor, which resulted in a
concentration-dependent decrease in viable cells (Fig. 3A). After MK-1775 treatment for 8 h
we detected increased yH2AX and p-CHK1 and decreased p-CDK1 and p-CDK2. The
addition of roscovitine attenuated the induction of both yH2AX and p-CHK1 (Fig. 3B).
Treatment with MK-1775 for 48 h induced 40% apoptosis, which was reduced to about 10%
by adding roscovitine (Fig. 3C). Further, MTT assays clearly demonstrated antagonistic
growth inhibition by the agents (Fig. 3D&E). Similar results were obtained in the BxPC-3
cells (Fig. 3F-H). These results suggest that CDK activity is required for the antitumor
activity of MK-1775 in pancreatic cancer cell lines.

MK-1775 synergizes with LY2603618

To determine if CHK1 plays a critical role in MK-1775 sensitivity, we investigated the
combination of MK-1775 with LY2603618, a CHK1 selective inhibitor, in BXPC-3 cells.
Treatment with 500 nM LY2603618 (a concentration which showed minimal impact on cell
growth determined by MTT assays, Fig. 4A) or MK-1775 resulted in S phase arrest, which
was accompanied by a small increase in sub-G1 cells (Fig. 4B). The combined treatment
resulted in substantially increased sub-G1 cells and PARP cleavage (Fig. 4B&C). In contrast
to roscovitine, LY2603618 substantially increased yH2AX levels induced by MK-1775
treatment (Fig. 4C) and synergistically enhanced MK-1775-induced growth inhibition (Fig.
4D&E). These results demonstrate that simultaneous inhibition of Weel and CHK1 results
in enhanced apoptosis and growth arrest.

Panobinostat synergizes with MK-1775

We have previously demonstrated that panobinostat treatment suppresses CHK1 expression
in acute myeloid leukemia and neuroblastoma [28,29]. Based on these studies and our
current study demonstrating synergistic antitumor activity of combined CHK1 and Weel
inhibition, we hypothesized that panobinostat would synergize with MK-1775 in pancreatic
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cancer through suppression of CHK1. Panobinostat treatments caused growth inhibition in
the pancreatic cancer cell lines, with 1Cggs ranging from 36.0 nM (MIAPaCa-2) to 569.6 nM
(PANC-1, Fig. 5A, Table 1). Treatment of the cell lines with 40 nM panobinostat for 48 h
caused a decrease in S phase cells and an increase in sub-G1 cells (Fig. 5B&C).
Panobinostat treatment resulted in increased YH2AX levels (Fig. 5D). Furthermore, p-
CHKZ1, CHKZ1, or both were decreased after treatment and this was accompanied by
decreased p-CDC25C, CDK1, CDK2, p-CDK1, and p-CDK2 in all but the HPAC cells. In
contrast, panobinostat treatment resulted in increased p-CDC25C and p-CDK?2 in the HPAC
cells (Fig. 5D).

Consistent with our hypothesis, panobinostat synergized with MK-1775 in all of the cell
lines, as indicated by CI values less than 1.0 (Table 1, CI values ranged from 0.60 to 0.95).
For BxPC-3 cells, panobinostat enhanced MK-1775-induced apoptosis, as measured by PI
staining and cell cycle analyses (Fig. 6A—C), annexin V/PI double staining and flow
cytometry analyses (Fig. 6E&F), and PARP cleavage (Fig. 6D). Cl values indicate that the
enhancement on apoptosis was synergistic (Fig. 6B&F). Panobinostat treatment was able to
abrogate the S phase cell cycle checkpoint, which was activated by MK-1775 treatment (Fig.
6C), and abolish p-CHK1 induced by MK-1775 (Fig. 6D). In addition, CHK1, p-CDC25C,
p-CDK1, and p-CDK2 protein levels were lower after the combined drug treatment than
after MK-1775 treatment alone.

Finally, we examined the in vivo effects of MK-1775 and panobinostat. Mice bearing
BXxPC-3 xenograft tumors received twice a week for three weeks: vehicle, MK-1775 (20
mg/kg) twice daily, panobinostat (10 mg/kg) once daily, or MK-1775 and panobinostat. As
shown in Fig. 7A, body weights remained relatively the same throughout the study,
regardless of treatment group, indicating that the drugs were well tolerated. Treatment with
either MK-1775 or panobinostat alone had modest delay of externally measurable tumor
growth (30.9% and 37.8% on day 20, respectively). In contrast, the combined drug treatment
resulted in significant delay of tumor growth during the treatment period compared to single
drug treatment (Fig. 7B), with 58.7% tumor growth inhibition on day 20. To determine if the
combined treatment affected tumor growth rate, a mixed effects linear model was applied to
the tumor volume for each experimental group. Statistically significant difference in the rate
of change in tumor volume was detected. Compared to the control group, the panobinostat,
MK-1775, and combination had p values of 0.0076, 0.0368, and <0.0001, respectively.

To further investigate the in vivo effects of MK-1775 and panobinostat treatment, tumors
were analyzed by H&E, immunohistochemical, and TUNEL staining. Individual drug
treatment resulted in increased tumor necrosis, which was further increased following
combination treatment, as indicated by H&E staining (Fig. 7C). Proliferation was
substantially lower in the combination group compared to the individual drug treatment
groups, as indicated by lower PCNA staining and significantly lower proliferation index
values (Fig. 7D&E). Single drug treatment resulted in increased apoptosis, as measured by
TUNEL assay and calculation of apoptotic indices, which was significantly increased in the
combined drug treatment (Fig. 7F&G). These data highlight the potential for using
combined MK-1775 and panobinostat for the treatment of pancreatic cancer.
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Discussion

Pancreatic cancer’s poor prognosis highlights the need for new therapies. Recent studies
have demonstrated that MK-1775 treatment results in increased phosphorylation of both
H2AX and CHK1 [13,33,34], which we confirmed in six pancreatic cancer cell lines. We
found that the increased phosphorylation of CHK1 and H2AX following MK-1775
treatment was dependent on CDK activity. Furthermore, we found that a CHK1 selective
inhibitor (LY2603618) enhanced MK-1775 sensitivity in a synergistic manner in pancreatic
cancer cell lines. Although others have demonstrated similar synergistic interaction between
MK-1775 and a CHK1 inhibitor, we used a different CHK1 inhibitor than that which has
been reported [13,32-34,44]. Additionally, we demonstrated that panobinostat treatment can
be used as an alternate means to inactivate the CHK1 pathway and has synergistic antitumor
activity in combination with MK-1775 in pancreatic cancer cell lines. Finally, in vivo
cooperative antitumor activity of the two agents was demonstrated in a BxPC-3 xenograft
mouse model.

As discussed in Guertin et al. [34], inhibition of CHK1 or Weel increases CDK1/2 activity,
therefore the combination of a CHK1 and Weel inhibitor could result in additive increase of
CDKZ1/2. Although they were unable to detect further decrease in p-CDK1/2 beyond single
agent MK-1775 treatment, we did see further decrease in p-CDK2 by the addition of
LY2603618. This difference may be due to the use of a different CHK1 inhibitor
(MK-8776). Another study which investigated the combination of a CHK1 inhibitor
(AR458323) and MK-1775 also found that both drugs reduced inhibitory phosphorylation of
CDK1/CDK?2 in an erythroleukemia cell line [33]. However, in addition to further decrease
of p-CDK2, they also found further decrease of p-CDK1. These differences may be due to
the differences in the CHK1 inhibitors used and/or the different malignancies that cell lines
were derived from. In addition, we found that panobinostat treatment also decreased p-
CDK?2 levels below what was detected with MK-1775 treatment alone. Although MK-1775
treatment alone did not appear to decrease p-CDK1 levels in BXPC-3 cells, p-CDK1 levels
were decreased by panobinostat treatment and were even further decreased in the combined
treatment. Our in vivo data further confirm that panobinostat enhances MK-1775 antitumor
activity, which is in line with the results presented by Davies et al. [33]. They demonstrated
cooperative antitumor activity between MK-8776 and MK-1775 in vivo using colorectal
cancer and ovarian carcinoma mouse xenograft models. While we demonstrate that
panobinostat inactivates the CHK1 pathway, we cannot rule out the involvement of other
pathways as panobinostat affects a multitude of other targets [45]. Panobinostat has also
been demonstrated to induce cell death and inhibit tumor growth in various malignancies
through regulation of gene expression and protein acetylation [46—48]. We previously
demonstrated that panobinostat treatment results in suppression of CHK1, Rad51, and
BRCAL in acute myeloid leukemia cells [28]. In this study, panobinostat in combination
with MK-1775 was more potent than the combination of LY2603618 with MK-1775, as
evident by the different amount of apoptosis induced by the combination despite similar
apoptosis induction by the single drug treatments (Figs. 4B & 6C). Thus, it is possible that
panobinostat may affect expression of additional proteins involved in DNA damage repair,
apoptosis, and/or cell cycle progression. Therefore, inhibition of the CHK1 pathway may not
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be the only pathway involved in the mechanism of action of the combination of panobinostat
and MK-1775.

Based on published reports and our own results, we propose a mechanism of action for the
combined MK-1775 and panobinostat treatment in Fig. 8. MK-1775 inhibits Weel, resulting
in an increased pool of active CDK1/CDK2, which leads to DNA damage, activation of
ATM/ATR, and activation of CHK1. Active CHK1 inactivates CDC25s, leading to
decreased pools of active CDK1/2, cell cycle arrest and eventually DNA repair and cell
survival. In addition, active CHK1 may directly increase Weel activity [32,49]. Combining
panobinostat with MK-1775 would prevent CHK1 activation, thus leading to more DNA
damage and increased cell death.

In conclusion, we demonstrate that panobinostat synergistically/cooperatively enhances
MK-1775 efficacy in pancreatic cancer cell lines and a BXPC-3 xenograft mouse model. Our
results suggest that panobinostat inactivates the CHK1 pathway and activates CDK1 and
CDK2, thus allowing MK-1775-induced DNA damage to accumulate and subsequently
induce apoptosis. Our results support the clinical development of MK-1775 and
panobinostat combination for the treatment of pancreatic cancer.
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MK-1775 treatment induces DNA damage and activates the CHK1 pathway in pancreatic
cancer cell lines. A, protein extracts from pancreatic cancer cell lines were subjected to
Western blotting and probed with anti-Weel, -PKMyt1, -p-CDK1, -CDK1, -p-CDK?2, -
CDKZ2, or -B-actin antibody. B, pancreatic cancer cell lines were cultured in 96-well plates at
37°C for 48 h in complete medium with variable concentrations of MK-1775 and viable cell
numbers were determined using MTT reagent and a microplate reader. The data are
presented as means + standard errors from at least 3 independent experiments. C, pancreatic
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cancer cells were treated with vehicle control (Cont) or 500 nM MK-1775 (MK) for 48 h.
The cells were fixed with ethanol, stained with PI, and subjected to flow cytometry analysis
to determine cell cycle distribution. D, pancreatic cancer cells were treated with vehicle
control or 500 nM MK-1775 for 48 h. Whole cell lysates were subjected to Western blotting
and probed with anti-PARP, -p-H3, -yH2AX, -p-CHK1, -CHK1, -p-CDC25C, -p-CDK1, -
CDK1, -p-CDK2, -CDKZ2, or -B-actin antibody. E, pancreatic cancer cells were treated with
vehicle control or 500 nM MK-1775 for 48 h, then stained with Pl and subjected to flow
cytometry analysis. Apoptotic cells are expressed as the percentage of Pl+ cells with sub-G1
DNA content. The data are presented as means of triplicates + standard errors from one
representative experiment. F, BXPC-3 cells were infected with Weel (designated Weel-
shRNA) or nontarget control (designated NTC-shRNA) shRNA lentivirus. The cells were
fixed with ethanol, stained with PI, and subjected to flow cytometry analysis. G, BxPC-3
NTC- and Weel-shRNA whole cell lysates were subjected to Western blotting and probed
with anti-Weel, -PARP, -p-CHK1, -CHK1, -p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -
CDK2, -yH2AX, or -B-actin antibody. Representative Western blots and cell cycle
histograms are shown.
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Fig. 2.

MK-1775 induces p-CHK1 at early time points. A and C, BxPC-3 and HPAC cells were
treated with 500 nM MK-1775 for up to 48 h. The cells were harvested, fixed with ethanol,
stained with PI, and then subjected to flow cytometry analysis. B and D, the remaining cells
were lysed and the protein extracts were subjected to Western blotting, and probed with anti-
PARP, -p-CHK1, -CHK1, -p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDK2, -yH2AX, or -
-actin antibody. Experiments were performed at least three independent times and
representative Western blots and cell cycle histograms are shown.
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MK-1775-induced DNA damage, CHK1 phosphorylation, and cell death require active
CDKs. A, HPAC cells were treated with 0-80 UM roscovitine (Rosc) for 48 h and viable
cells were determined using MTT reagent and a microplate reader. The data are presented as
means + standard errors from at least 3 independent experiments. B, HPAC cells were
treated with vehicle control, 500 nM MK-1775, 20uM roscovitine, or 500 nM MK-1775
plus 20 uM roscovitine for 8 h. Whole cell lysates were subjected to Western blotting and
probed with anti-p-CHK1, -CHKZ1, -p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDK?2, -
vH2AX, or -B-actin antibody. C, HPAC cells were treated with MK-1775, roscovitine, or in
combination for 48 h, stained with Pl and subjected to flow cytometry analysis. Apoptotic
cells were defined as the percentage of Pl+ cells with sub-G1 DNA content. *** indicates p
< 0.0005. D, HPAC cells were treated with variable concentrations of MK-1775 with or
without 5 M, 10uM or 20uM roscovitine. Viable cells were measured by MTT assays and
the data are presented as means + standard errors from at least 3 independent experiments.
E, standard isobologram analyses of antitumor interactions between MK-1775 and
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roscovitine were performed in HPAC cells. The ICsq values of each drug are plotted on the
axes; the solid line represents additive effect, while the points represent the concentrations
of each drug resulting in 50% inhibition of growth. Points falling below the line indicate
synergism, whereas those above the line indicate antagonism. F, BXxPC-3 cells were treated
with variable concentrations of roscovitine for 48 h and viable cells were determined by
MTT assays. The data are presented as means * standard errors from at least 3 independent
experiments. G, BXPC-3 cells were treated with variable concentrations of MK-1775 with or
without 5 uM, 10 uM or 20 uM roscovitine. Viable cells were measured by MTT assays and
the data are presented as means + standard errors from at least 3 independent experiments.
H, standard isobologram analyses of antitumor interactions between MK-1775 and
roscovitine were performed in BxPC-3 cells.
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Fig. 4.

MK-1775 synergizes with LY2603618 in BxPC-3 cells. A, BXxPC-3 cells were treated with
variable concentrations of LY2603618 for 48 h and viable cells were determined by MTT
assays. The data are presented as means + standard errors from at least 3 independent
experiments. B, BxPC-3 cells were treated with vehicle control, MK-1775 (MK),
LY?2603618 (LY) or MK-1775 plus LY2603618 for 48 h, stained with Pl and subjected to
flow cytometry analysis. C, protein extracts were subjected to Western blotting and probed
with anti-PARP, -p-CHK1, -CHK1, -p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDK2, -

Cancer Lett. Author manuscript; available in PMC 2015 January 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al.

Page 19

yH2AX;, or -B-actin antibody. D, BXPC-3 cells were treated with variable concentrations of
MK-1775 with or without 0.25 uM, 0.5 uM or 1 uM LY2603618. Viable cells were
measured by MTT assays and the data are presented as means + standard errors from at least
3 independent experiments. E, standard isobologram analyses of antitumor interactions
between MK-1775 and LY2603618 in BXxPC-3 cells were performed.
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Fig. 5.
Panobinostat down-regulates CHK1 in pancreatic cancer cells. A, pancreatic cancer cell

lines were cultured in 96-well plates at 37°C for 48 h in complete medium with variable
concentrations of panobinostat and viable cell numbers were determined using MTT reagent
and a microplate reader. The data are presented as means + standard errors from at least 3
independent experiments. B-D, pancreatic cancer cells were treated with vehicle control or
40 nM panobinostat for 48 h, fixed with ethanol, stained with PI, and subjected to flow
cytometry analysis. The sub-G1 data are presented as means of triplicates + standard errors
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from one representative experiment (B). Representative cell cycle histograms are shown (C).
Protein lysates were extracted from the remaining cells, subjected to Western blotting, and
then probed with anti-PARP, -p-H3, -yH2AX, -ac-H4, -H4, -ac-tubulin, -p-CHK1, -CHK1, -
p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDKZ2, or -B-actin antibody (D).
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Panobinostat synergizes with MK-1775 in BXPC-3 cells. A, BXPC-3 cells were treated with
panobinostat and MK-1775, alone or combined, for 48 h and subjected to Pl staining and
flow cytometry analysis. B, CI vs. Fa plot (combination index vs. fraction affected) for the
apoptosis data presented in Panel A. The CI values were calculated using CompuSyn
software. C, BXPC-3 cells were treated with panobinostat and/or MK-1775 for 48 h and
subjected to PI staining and flow cytometry analysis. D, protein extracts were subjected to
Western blotting and probed with anti-PARP, -p-H3, -p-CHK1, -CHKZ1, -p-CDC25C, -p-
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CDK1, -CDK1, -p-CDK2, -CDK2, -yH2AX, or -B-actin antibody. E, BXPC-3 cells were
treated with panobinostat and MK-1775 for 48 h, then stained with annexin V/PI and
subjected to flow cytometry analysis. The data are presented as means + standard errors
from one representative experiment. F, Cl vs. Fa plot (combination index vs. fraction
affected) for the apoptosis data presented in Panel E. The CI values were calculated using
CompuSyn software.
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Fig. 7.
Panobinostat enhances the antitumor activity of MK-1775 in a BXPC-3 xenograft model. A,

body weights were measured every 3—-4 days. B, tumor volumes were calculated according
to the following formula: m12 x m2x 0.5236 (m1: short diameter; m2: long diameter). C—E,
tumor specimens were fixed in 10% formalin, embedded in paraffin, and cut into 4 uM-thick
slides for H&E (C) and PCNA staining (D). The proliferation index was calculated as
proliferation index = PCNA positive cells/observed cells x 100% and graphed as means *
standard errors (E). F, apoptosis was measured using the TUNEL assay in the tumor
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specimens. G, apoptosis index was calculated as TUNEL-positive cells/observed cells x
100% and graphed as means + standard errors. *** indicates p < 0.0005.
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Proposed mechanism for the antitumor interactions between MK-1775 and panobinostat in
pancreatic cancer. Inhibition of Weel reduces phosphorylation of CDK1/CDK?2, allowing
CDK1/CDK?2 to remain active, which leads to DNA damage. DNA damage triggers
activation of ATM/ATR, which then activates CHK1. Active CHK1 inhibits CDC25s,
leading to decreased removal of the inhibitory phosphorylation on CDK1/CDK2, resulting
in increased p-CDK1/p-CDK?2. This limits the amount of active CDK1/CDK2 and the
resulting DNA damage following MK-1775 treatment. Panobinostat inhibits activation of
CHKZ1, thus maintaining the active CDK1/CDK2 pools, enhancing DNA damage, and
eventually leading to apoptosis. Others have suggested that CHK1 can activate Weel, as

indicated by the dashed line.
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