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Abstract
The present study is the first to show in pancreatic cancer (PC) the growth inhibition and apoptosis
by novel MDM2 inhibitors (MI-319 & 219) through reactivation of p53 pathway. Our results
highlight two new secondary targets of MDM2 inhibitor ‘SIRT1’ and Ku70. SIRT1 has a role in
ageing and cancer and is known to regulate p53 signaling through acetylation. Ku70 is a key
component of non-homologous end joining machinery in the DNA damage pathway and is known
to regulate apoptosis by blocking Bax entry into mitochondria. Given the growth inhibition and
apoptosis by MI-219, MI-319 was accompanied by increase in levels of p53 along with p21WAF1

and the proapoptotic Puma. SiRNA against p21WAF1 abrogated the growth inhibition of PC cells
confirming p21WAF1 as a key player downstream of activated p53. Immunoprecipitation-western
blot analysis revealed reduced association of MDM2-p53 interaction in drug exposed PC cells. In
combination studies, the inhibitors synergistically augmented anti-tumor effects of therapeutic
drug gemcitabine both in terms of cell growth inhibition as well as apoptosis. Surface plasmon
resonance studies confirmed strong binding between MI-319 and Ku70 (KD 170 nM). Western
blot revealed suppression of SIRT1 and Ku70 with simultaneous upregulation of acetyl-p53
(Lys379) and Bax. Co-Immunoprecipitation studies confirmed that MI-319 could disrupt Ku70-
Bax and SIRT1-Bax interaction. Further, using wt-p53 xenograft of Capan-2, we found that oral
administration of MI-319 at 300 mg/kg for 14 days resulted in significant tumor growth inhibition
without any observed toxicity to the animals. No tumor inhibition was found in mut-p53 BxPC-3
xenografts. In light of our results, the inhibitors of MDM2 warrant clinical investigation as new
agents for PC treatment.
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INTRODUCTION
Pancreatic cancer is a dreadful disease and is the fourth leading cause of cancer related
deaths in the United States [1]. Among the various important genes altered in pancreatic
malignancy, the tumor suppressor p53 is considered crucial. p53 gene is a master
transcriptional regulator controlling several key cellular pathways [2,3] and is found to be
mutationally inactivated in about 50% of infiltrating pancreatic adenocarcinoma [PC] [4].
Cells with p53 functional deficiencies loose their abilities to trigger cell cycle arrest, as well
as apoptosis [5]. This acts synergistically to favor the transformation of normal cells into
malignant cells. Moreover, cancer treatments are based on genotoxic stresses inducing cell
death through different pathways [DNA damage, cell cycle inhibition and apoptosis], so the
loss of p53-mediated apoptosis drastically reduces the response to various clinically-
employed treatments [6–8]. In light of the numerous genes regulated by p53 as well as its
role in the development of resistance to therapy, it makes p53 an ideal candidate target for
reactivation using novel agents for PC therapy.

The activity of wt-p53 is mainly regulated at the post-translational level through its
proteolytic turn over [9]. This is achieved through the interaction with MDM2, a RING
domain protein, which induces wt-p53 degradation by ubiquitin-mediated proteolysis [10].
In normal non-stressed cells, MDM2 induces p53 degradation, making it a short-lived
protein [10]. However, in response to DNA damage, MDM2 is auto-poly-ubiquitinated,
resulting in its self-degradation accompanied by an associated increase in p53 level and
activity [9]. This regulatory mechanism is subjected to a feedback loop since p53 in turn
regulates the level of MDM2 transcription giving rise to subtle balances between the
amounts of p53 and MDM2 [11,12]. Although studies over the years have concentrated on
p53 as the primary target of MDM2, p53 independent functions of MDM2 are also
important. In this regard Zhang and co-workers have elegantly reviewed MDM2 to have
p53-independent activities in carcinogenesis and human cancer progression and therapy [13]
and therefore, MDM2 can be a rational drug target for cancer chemotherapy.

SIRT1 is a multifunctional, NAD+-dependent protein deacetylase that is involved in a wide
variety of cellular processes from cancer to ageing [14,15]. SIRT1 has been shown to have
oncogenic properties by down regulating p53 activity [14]. Primarily, SIRT1 blocks p53
function by inhibiting its acetylation [16]. It has been recently suggested that use of small-
molecule inhibitors of SIRT1 in tumor cells that over express the protein may sensitize the
cells to a combination of therapeutics, inducing a stronger p53 response and promoting
apoptosis of tumor cells [17]. Another protein, Ku70 that is under the regulation of SIRT1
through acetylation is known to play an important role in apoptosis by blocking Bax entry
into the mitochondria [18]. Studies have shown that Ku70 ubiquitinylating activity of Hdm2
may contribute to its p53-independent oncogenic activity [19]. The elevated levels of Hdm2
may cause a decrease in Ku70 supply from the cytosol, which may negatively influence Ku-
dependent DNA repair activity in the nucleus. In certain types of cancer cells, a temporary
Ku70 decrease caused by an elevated Hdm2 level may facilitate acquisition of further
mutations, and cancer cells may become resistant to apoptosis by an elevation of Ku70 [19].

Based on functional significance of MDM2 in the biology of p53, one attractive
pharmacological approach to wt-p53 reactivation is to use a small-molecule to block the
MDM2–p53 interaction [20–23]. The discovery of the Nutlins provided the important proof
of the concept for this approach [21]. Nutlins were shown to bind to MDM2, block the
MDM2–p53 interaction, and activate wild-type p53 both in vitro as well as in xenograft
models [21,24,25]. However Nutlin 3 remained the only inhibitor in its class specific for
MDM2 and thus newer inhibitors with higher specificity and minimum toxicity are required.
In this paper we show that specific and orally active MDM2 inhibitors MI-219 and MI-319
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transiently reactivates p53, resulting in growth inhibition and apoptosis in vitro in wild wt-
p53 PC cells as well as tumor growth retardation in vivo in a Capan-2 [wt-p-53] and not in
BxPC-3 [mut-p53] PC xenograft model. Further, we also identify two new targets of MDM2
(SIRT1 and Ku70) that play crucial role in the biology of p53.

MATERIALS AND METHODS
Cell Culture and Experimental Reagents

Five human PC cell lines Capan-1, Capan-2, Colo-357, HPAC and BxPC-3 were used in this
study. All cells except Colo-357 were purchased from [American Type Culture Collection
[ATCC]]. Colo-357 was a gift from Dr. Paul Chiao [M.D. Anderson Cancer Center,
Houston, TX]. Capan-1, HPAC, BxPC-3 and Colo-357 were cultured in DMEM [In-
vitrogen] supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin.
Capan-2 was grown in McCoy 5 A media [Invitrogen]. All cells were cultured in a 5% CO2-
humidified atmosphere at 37°C. Primary antibodies for p53, acetyl-p53, p21WAF1 p21],
Puma, MDM2, Bax and SIRT1 were purchased from Cell Signaling [Danvers, MA]. Ku70
antibody was purchased from Abcam [Cambridge, MA]. Anti-β-actin and all secondary
antibodies were obtained from Sigma [Saint Louis]. LipofectAMINE 2000 was purchased
from Cell Signaling [Danvers, MA]. Vectastain ABC Kit coupled with avidin-biotin linked
system was purchased from Vectastain [Burlingame, CA]. All chips buffers and reagents
used for Surface plasmon resonance Biacore experiments were from GE Healthcare (Biacore
Life Sciences), unless noted otherwise. The instrument used was Biacore 3000 (instrument
ID 3442), which is maintained by Dr. Stanley R. Terlecky, in the Department of
Pharmacology at Wayne State University School of Medicine and Calibrated by Jose A.
Gutierrez from GE Healthcare every six months. Instrument configuration is IFC6 carrying
Biacore 3000 Control software version 3.2. All analysis was done in BI-Aevaluation version
4.1 and all experiments were performed at 25°C.

Chemical Synthesis of MI-219 and MI-319
MI-219 and MI-319 were synthesized by using our previously published methods [26].
Nutlin-3 ((±)-4-[4,5-Bis(4-chlorophenyl)-2-(2-isopropoxy-4-methoxy-phenyl)-4,5-dihydro-
imidazole-1-carbonyl]-piperazin-2-one) was purchased from Sigma [Sigma St Louis USA].
The binding of small molecules to human MDM2 was predicted by using the GOLD
program [27].

SiRNA and Transfections
The p21WAF1 siRNA and siRNA control were obtained from Cell Signaling. Human PC
cells were transfected with p2WAF1 siNA and control siNA respectively, using
LipofectAMINE 2000 as described in the manufacturers protocol [Cell Signaling].

Cell Growth Inhibition Studies by MTT Assay
The cells [3 × 103] were seeded in a 96-well culture plate and treated with MDM2 inhibitors
or gemcitabine or combination of both for indicated time and subsequently incubated with
MTT reagent [0.5 mg/mL] at 37°C for 2 h, and MTT assay was done as described earlier
[28]. In another set of experiments seeded cells were transfected with p21 siRNA or control
siRNA for 5 hours followed by MDM2 inhibitor treatment for 72 hrs and MTT assay was
performed. The results were plotted as means ± SD of three separate experiments having six
determinations per experiment for each experimental condition.
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Flow Cytometry and Cell Cycle Analysis
Cell cycle analysis on MI-219 and MI-319 treated cells were performed using PI staining.
The percent of cells in different phases of the cell cycle was analyzed with CELLQUest
software [BDIS] using a Power Macintosh 7500/100 computer [Apple Computer].

Quantification of Apoptosis by ELISA
The cell apoptosis ELISA detection kit [Roche, Palo Alto, CA] was used to detect apoptosis
in PC cells treated with MDM2 inhibitors and/or gemcitabine alone or in combination for 72
h according to manufacturer’s protocol. Cell death was also detected using Trypan Blue
exclusion assay under similar conditions using our previously described methods [29].

Immunoprecipitation
Cell lysate [200 μg] were subjected to immunoprecipitation by adding 2.5–5 μg of anti-p53,
anti-MDM2, anti-SIRT1, anti Ku70 or anti-Bax antibody and incubation overnight at 4 °C.
After adding 50 μl of Protein G-agarose [Santa Cruz Biotechnology, Santa Cruz CA] and
incubation for 1 h, the samples were centrifuged. The agarose pellet was then washed three
times, resuspended in Laemmli buffer, and boiled for 5 min. Boiled samples were
centrifuged, and supernatant was used for Western blot analysis.

Western Blot Analysis
Procedure for cells lyses, protein concentration determination and SDS-PAGE analysis has
been described in our previous publication [30]. Appropriate secondary antibodies coupled
with avidin-biotin linked system [Vectastain ABC kit] were used according to manufactures
protocol [30].

Reverse-Transcription PCR
Total RNAs were isolated from cells using the RNeasy® Isolation Kit [Qiagen, Valencia,
CA]. The amount of total RNA was estimated by UV absorption at 260nm. The extracted
RNAs [2 μg of each sample] were reverse-transcribed with the ImProm-II[TM] Reverse
Transcription System, following the manufacturer’s instructions [Promega, Madison, WI].
The reactions were primed with random hexamer. The resulting cDNA preparations [usually
1/50th of the total volume] were subjected to PCR amplifications with HotMaster® Mix
2.5x [Eppendorf, Westbury, NY]. The sequence of the primers used is as follows: Ku70-F
[5′-ctttgaggaatccag caagc-3′]/Ku70-R [5′-attaaaggtccgggtcttgg-3′] and actin-F [5′-
tcatgaggtagtcagtcagg-3′]/actin-R [5′-tgacccagatcatgtttgag-3′]. The PCR products were
analyzed by electrophoresis on 1% agarose gel containing ethidium bromide, and
photographed over UV light.

SIRT1 FRET Based Screening Assay
SIRT1 FRET Based Assay kit (Cayman Chemicals Ann Arbor) was used to screen for
SIRT1 inhibitory activity of MDM2 inhibitors in a 96 well plate according to the
manufacturers protocol.

Surface Plasmon Resonance (SPR) Experiments
Ku70 recombinant protein was gently immobilized to SPR chips (CM5, research grade
Biacore, a division of GE Healthcare, Piscataway, NY) in EHS-EP, and covalently attached
using NHS/EDC chemistry. First, the chip was reconditioned with two cycles of pulses of
100 mM HCl and 50 mM NaOH for 10 seconds at a flow rate of 100 μL/min which opens
up the carboxymethylcellulose matrix for facile flow of proteins. With the “Aim for
immobilized level” feature of the Biacore 3000, chips were prepared using a standard NHS/
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EDC coupling chemistry. Typical ranges of peptide binding varies between 100–400 RU
while for protein binding the range considered was be 600–7000 RU, depending on the
protein being immobilized. Initially the pH scouting was done on a CM5 chip in 10 mM
acetate buffer at a pH ranging between 4.0 and 4.5, depending on the pKa of the protein or
peptide being immobilized. After this the chip was preconditioned with two cycles of pulses
of 100 mM HCl and 50 mM NaOH at a flow rate of 100 uL/min. Based on the results of pH
scouting the “Aim for immobilized level” feature was used in the amine coupling
immobilization method. This method uses a standard NHS/EDC coupling chemistry.
Typical ranges of peptide binding are from 300–400 RU while for protein binding the range
is 800–7500 RU, depending on the protein being immobilized. The chips with peptide
immobilized have Piftide (24 amino acids) as ligands, with flow cell always being blank.
The piftide chips have flow cell 3 with low density Piftide, flow cell 4 with high density
Piftide. Chips with protein immobilized also had a flow cell 1 blank with flow cells 2, 3 and
4 immobilized with proteins.

Binding Analysis
Concentration series of analytes was prepared by serial diluting in HBS-EP. The buffer
concentrations of proteins (Piftide as ligand) ranged from 1.0 μg/mL to 0.03125 μg/mL,
with each serial dilution being a factor of 2. The concentration range of the drug MI-319 or
Nutlin-3 (+ve control) (proteins as ligands) was 3000 nM to 12.35 nM, with each serial
dilution being by a factor of 3. The analyte was injected for 5 minutes, depending on the
dissociation rate. Regeneration conditions varied depending on the ligand being
immobilized. Surfaces of Piftide was regenerated using 50 mM NaOH at a flow rate of 30
uL/min for 30 seconds. Surfaces of proteins was regenerated using combinations of 1 %
octyl-b-D-glucopyranoside (Biochemika), 0.5 % Triton X (Sigma), and 50 % ethylene
glycol, which were all prepared in HBS-EP buffer, with two injections at a flow rate of 30
μL/min for 60–120 seconds. Stabilization times from 2–5 minutes was used as well. The
first step in analysis was cutting out the regeneration steps in the sensogram and averaging
the baseline of all curves to zero before using a y-transform option. After this for each cycle
the blank surface (flow cell 1) was subtracted from the other surfaces (flow cells 2–4). The
resulting sensograms were analyzed using Langmuir binding. All analysis was done using
separate fit kinetics. The dissociation phase was analyzed first which calculates KD
(Dissociation) values for each curve. These KD values are used in the analysis of association
phase for each curve. Once again using separate fit kinetics.

Competition Experiments
A concentration series of MI-319 or Nutlin-3 ranging from 9000 nM to 12.35 nM with
dilutions of a factor of 3 was made in HBS-EP buffer with 0.5 μg/mL MDM2, Ku-70, Bax
or SIRT1. These solutions were allowed to pre-incubate for approximately one hour before
injecting over CM5 chip with Piftide on the surface. The injection conditions were as
mentioned above in Binding analysis.

Development of PC Xenografts
All in vivo studies were conducted in accordance with Wayne Sate University approved
animal care and ethics committee guidelines and procedures. For the Capan-2 and BxPC-3
subcutaneous model, 10X10 cells were subcutaneously [sc] injected into the flanks of 4–5
week old female severe combined immune deficient mice [ICR-SCID] [Taconic Farms,
Germantown, NY] using 26 G ½ Precision Glide needles [Becton Dickinson]. Palpable
tumors started to appear in 3–5 weeks. Tumors were measured twice weekly using a caliper
and expressed in [mg]. To prevent any pain or discomfort, mice were euthanized and their
tumors removed once they reach 1500–2000 mg burden. Tumors were then dissected into
20–30 mg pieces and re-transplanted into naïve ICR-SCID for serial propagation.
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Preclinical Efficacy Trail Design of MI-319 Given Orally
A total of 14 animals were trocared bilaterally with Capan-2 or BxPC-3 tumor fragments.
One week later, the tumor xenograft animals were separated into two groups of seven with
equal tumor burden. The animals were randomly assigned to two different cohorts: orally,
group one received diluent only and group two was treated with MI-319 at 300 mg/kg for
fourteen consecutive days. All animals were checked every other day for any signs of
toxicity.

Statistical Analysis
The cell growth inhibition, apoptosis pre and post treatment as well as pre and post
transfection was statistically evaluated using GraphPad StatMate software [GraphPad
Software, Inc.]. Comparisons were made between control and transfection. P < 0.01 was
used to indicate statistical significance.

RESULTS
MDM2 Inhibitors MI-219 and MI-319 Induce Cell Growth Inhibition and Apoptosis in wt-p53
PC Cells

The structures of MI-219, MI-319, MI-10 and Nutlin-3 are given in Fig. (1A). MI-219 has
been extensively described in our previous publication [31]. MI-319 is an analogue of
MI-219 with similar binding affinities towards MDM2 while MI-10 is the inactive analog
which does not bind to MDM2. To test the effect of MDM2 inhibitors on cell growth
inhibition, five pancreatic cancer cell lines were used. Capan-2 [wt-p53] [32–35], Capan-1,
Colo-357, HPAC and BxPC-3 [mut-p53] were incubated with increasing concentrations of
MI-219, MI-319, MI-10 or Nutlin-3 [0–50 μM] for 72 hrs. As can be seen in Fig. (1B), all
the three inhibitors induced cell growth inhibition more significantly in wt-p53 cells. MI-219
and MI-319 showed slightly better growth inhibition than Nutlin-3 [IC50 of MI-219, MI-319
and Nutlin-3 in Capan-2 was found to be ~10.5 μM, 14 μM and 18 μM respectively]. The
inactive analog MI-10 did not induce cell growth inhibition at the same concentrations. The
IC50 in the mut-p53 cells was much higher clearly indicating that the inhibitors have more
pronounced effect on cells that have wt-p53 and not mut-p53. Because p53 is also a central
regulator of apoptosis, we examined whether activation of p53 by MI-219, MI-319 or MI-10
could lead to apoptosis as assessed by Histone DNA ELISA. Both MI-219 and MI-319
effectively induced apoptosis in Capan-2 but not in mut-p53 cancer cells Colo-357,
Capan-1, HPAC or BxPC-3 (Fig. 1C). We also assessed cell death using trypan blue assay
and similar to MTT and apoptosis MI-219, MI-319 as well as Nutlin-3 induced significant
cell death while MI-10 was inactive. Nutlin-3 was used as a positive control and as expected
Nutlin-3 effectively induced apoptosis in Capan-2 cells. Again the inactive analog MI-10
was not an effective inducer of apoptosis at the same concentrations. We then tested whether
MDM2 inhibitors could induce cell cycle arrest in the cells under study.

MDM2 Inhibitors Induce Cell Cycle Arrest in wt-p53 PC Cells
Cell cycle analysis revealed that indeed MI-219 and MI-319 arrested cells in G2-M phase.
Both the inhibitors were effective in depleting S-phase in wt-p53 cells. The same treatment
had negligible effect on cells lacking wt-p53 (Fig. 2A and B). The tumor suppressor p21 acts
as an inhibitor of cell cycle and cell growth. Interestingly, knockdown of p21 using siRNA
reduced the growth inhibitory efficiency of both inhibitors only in cell line with wt-p53
confirming the involvement of p21 in the regulation of p53 (Fig. 2C Upper and Lower
Panels and 2D). These results are consistent with the work published by other laboratories
which show that Nutlins, as well as MI-219 arrest cells in G2-M phase in lymphoma,
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prostate and colon cancer [21,36]. We then tested whether the inhibitors are able to
reactivate the p53 pathway using Western blot analysis.

MI-219 and MI-319 Block MDM2-p53 Complex and Reactivate p53 Pathway in wt-p53 PC
Cells

In order to test the effect of our MDM2 inhibitors on protein levels of p53 and other related
molecules, Western blot analyses were performed. As seen in Fig. (3A and B), exposure of
wt-p53 cells to MI-219 as well as MI-319 [0–25 μM] for 24 hrs lead to a progressive
increase in the levels of p53. We further tested the effect of MI-219 and MI-319 exposure on
critical cell cycle regulator p21 whose expression is known to be directly regulated by p53
[37]. P21-dependence of cell cycle arrest has also been previously been shown in colon
cancer for MI-43, a MI-219 family MDM2 inhibitor [38]. Our results show that MDM2
inhibitors increased p21 progressively with increasing concentrations in Capan-2 cells.
Moreover, we observed that the induction of p53 was accompanied by increased expression
of pro-apoptotic protein Puma. Protein levels of MDM2 were not changed, suggesting that
the inhibitors only block MDM2 function and not its expression. In all the experiments
Nutlin-3 was used as a positive control which, as expected, effectively induced p53, p21 and
puma in Capan-2 cells only. Consistent levels of β-actin protein [used as a loading control]
confirmed that the observed effects were p53 specific and not due to any non-specific effects
of dying cells. Mut-p53 cells lines Capan-1 and Colo-357 were also analyzed for activation
of p53 related genes. Results of Fig. (3C) reconfirm our cell growth and apoptosis data with
no observed upregulation of p53, p21 or puma. Co-immunoprecipitation studies were done
to verify blocking of MDM2-p53 complex formation by the inhibitors. First, we
immunoprecipitated the MDM2-p53 complex using MDM2 antibodies followed by Western
analysis with p53 antibodies, and vice versa using protein extracts from inhibitor-treated cell
lysates. As can be seen from our results presented in Fig. (3D), both MI-219 and MI-319,
blocked MDM2-p53 interaction only in wt-p53 cells as documented by negligible levels of
p53 or MDM2 coimmunoprecipitated in treated cells compared to controls. These results
confirm that both inhibitors are capable of disrupting the MDM2-p53 interaction in wt-p53
which ultimately leads to the reactivation of wt-p53 function. Subsequently, we studied the
consequence of the re-activation of wt-p53 in gemcitabine-induced cell growth inhibition
and cell death primarily because gemcitabine is the only effective chemotherapeutic agent
that is currently used for the treatment of human PC [39].

MDM2 Inhibitors Enhance the Cytotoxic Effect of Standard Chemotherapeutic Agent
Gemcitabine

We assessed the effect of MDM2 inhibitors either as single agent or in combination with
gemcitabine on cell viability. For these studies, Capan-2, Capan-1 and Colo-357 cells were
treated with sub IC50 doses of MI-219 or MI-319 [5 μM] either alone or in combination with
100 nM of gemcitabine, and viable cells were evaluated at 72 hours using MTT assay. The
dose used here was chosen based upon a preliminary dose escalation study done by us prior
to this experiment. As can be seen in Fig. (4A and B) [upper panels], the treatment of
Capan-2 cells with 5 μM of MI-219 or MI-319 resulted in 24 % and 26 % loss of cell
viability, respectively. While treatment with gemcitabine [100 nM] for 72 hours resulted in
only 9 % loss of cell viability. However, the combination treatment using MI-219 or MI-319
with gemcitabine resulted in 74% and 77% cell growth inhibition, respectively. Isobologram
analysis using Calcu Sync software revealed a synergistic combination between the
inhibitors and gemcitabine with combination index values less than 1 [CI<1] (Fig. 4A and B
lower panels). These results suggest that MDM2 inhibitors sensitize the cells for better cell
growth inhibition when combined with conventional chemotherapeutic drug such as
gemcitabine. Histone/DNA ELISA apoptosis analysis revealed that relative to single agent,
combination treatment with gemcitabine induced much more apoptosis in Capan-2 cells
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(Fig. 4C and D upper panel]. The CI values of the gemcitabine–inhibitor combinations were
less than 1 which is synergistic (Fig. 4C and D lower panels), and thus the cell death data is
consistent with the results of cell growth inhibition as observed by MTT assay. No
synergistic cell growth or apoptosis was observed with the combination treatments in mut-
p53 Colo-357 and Capan-1 cells [results no shown]. Collectively, the above results clearly
suggest that MDM2 inhibitors could sensitize wt-p53 pancreatic cancer cells to gemcitabine
induced killing. We then looked at the mechanism of action of MDM2 inhibitors by
identifying targets upstream and downstream of p53.

MI-219 Interferes with the Sirtuin1 Pool of Proteins in PC
The p53 protein is activated through acetylation in response to various types of stresses [39].
SIRT1 can deacetylate p53, and studies have suggested that deacetylation by SIRT1 reduces
p53-dependent apoptosis in response to stress [40,41]. SIRT1 is also known to deacetylate
another protein Ku70 which regulates apoptosis by blocking Bax entry into mitochondria. In
order to understand the mechanism of p53 re-activation by MDM2 inhibitors, we determined
the expression patterns of SIRT1 partner proteins such as KU70, Bax and acetyl-p53 pre-
and post- MI-219 treatment. Our results clearly show that MI-219 [0–25 μM] suppressed
SIRT1, Ku70 and simultaneously increased p53 acetylation as well as induced the pro-
apoptotic Bax (Fig. 5A). MI-219 did not suppress SIRT1 or Ku70 in mut-p53 Colo-357 cells
(Fig. 5B). RT-PCR analysis revealed that MI-319 treatment could suppress Ku70
transcription at the mRNA level only in capan-2 and not in colo-357 mut-p53 PC cells (Fig.
5C Left Panel). Nutlin-3 was used as a positive control which also suppressed capan-2 Ku70
mRNA. SIRT1 mRNA levels did not change which is consistent with other reported
observations where it was suggested that calorie restriction or genotoxic stress modulates
SIRT1 only at the post-translational level without interfering with its transcription [42,43].
We also performed a SIRT1 FRET based screening assay to verify SIRT1 activity inhibition
by our SMIs. As can be seen from results of Fig. (5D), MI-219, MI-319 and Nutlin-3
significantly suppressed SIRT1 activity while the inactive analog MI-10 did not. Co-
immunoprecipitation experiments showed that MI-219 could disrupt SIRT1-Bax and Ku70-
Bax interaction as lesser protein was visible in drug treated samples (Fig. 5E). Further, we
also used surface plasmon resonance [SPR] experiments to show competitive binding
between MI-319 and Ku70. As can be seen from results of Fig. (5F) our SPR results confirm
high binding affinity between MI-319 and Ku70 with a KD of 170 nM. For comparative
studies we also analyzed binding affinity of Nutlin-3 to Ku70 using SPR under similar
conditions. Interestingly Nutlin-3 was also found to have nearly similar affinity towards
Ku70 (KD of 169 μM). These results together with the results of Western blot analysis, RT-
PCR and immunoprecipitation show crucial off target effects of MDM2 inhibitors that were
previously unexplored. Therefore, we have demonstrated, for the first time that MI-219 not
only blocks MDM2 but also interferes in the pathways influenced by SIRT1. The promising
results of the mechanistic in vitro studies led us to test the efficacy of MDM2 inhibitors in
animal model in vivo.

Efficacy of MDM2 Inhibitor MI-319 on Pancreatic Tumor growth and Animals Weights
For any targeted small molecule inhibitor to be brought to clinical trial, its efficacy need to
be tested in animal models. Therefore, to determine whether MDM2 inhibitors could
suppress tumor growth in animals, we sought to establish Capan-2 and BxPC-3 xenograft
model in SCID mice using previously published protocols [44]. We were successful in
establishing both Capan-2 and BxPC-3 xenograft models with 100 % take rate in SCID
mice. As shown in Fig. (6A), the MDM2 inhibitor, MI-319 significantly [p=0.015] inhibited
the growth only in Capan-2 tumors and not in BxPC-3 tumor model. Moreover, MI-319 did
not cause any loss in the body weight of our experimental animals and there was no obvious
sign of toxicity during the course of the treatment (Fig. 6B).
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DISCUSSION
The present study is the first to show in PC the growth inhibition and apoptosis by novel
MDM2 inhibitors through the direct reactivation of wt-p53 along with up-regulation of
proteins under its influence such as p21 and the pro-apoptotic Puma. Our results also
highlight two novel secondary new targets of MDM2 inhibitor ‘SIRT1’ and Ku70, that
regulate p53 through acetylation and blocking Bax mediated apoptosis, respectively.

PC is a deadly disease and prognosis is generally poor, with <5% survival rate [1]. Among
the most critical gene deregulated in pancreatic carcinogenesis, the alterations in the p53
tumor suppressor gene [45,46]. The activity of wt-p53 is mainly regulated at the post-
translational level by MDM2, which causes wt-p53 degradation by ubiquitin-mediated
proteolysis [9]. Based on functional significance of MDM2–p53 interaction, one attractive
pharmacological approach to wt-p53 reactivation is to use a small-molecule to block the
MDM2 [20–22]. In this regard Nutlin-3 a cis-imidazole has been well studied in different
cancers. Our MI series of MDM2 inhibitors belong to different class (spiro-oxindole) and
have a slightly higher affinity towards MDM2 when compared to Nutlins. Using a structure-
based de novo design strategy it was shown that the interaction between p53 and MDM2 is
primarily mediated by four key hydrophobic residues (Phe 19, Leu 22, Trp 23 and Leu 26)
of p53 and a small but deep hydrophobic cleft in MDM2. Nutlin-3 mimics the interactions
of the p53 peptide to a high degree, with one bromophenyl moiety sitting deeply in the Trp
pocket, the other bromophenyl group occupying the Leu pocket, and the ethyl ether side
chain directed toward the Phe pocket. In essence, the imidazoline scaffold replaces the
helical backbone of the peptide and is able to direct, in a fairly rigid fashion, the projection
of three groups into the pockets normally occupied by Phe19, Trp23, and Leu26 of p53.
However, unlike Nutlin-3 in case of our inhibitors (MI series), computational modeling
predicted that MI-219 mimics the four (instead of three in case of Nutlin-3) key binding
residues in p53 (Phe-19, Leu-22, Trp-23 and Leu-26) resulting in optimal hydrogen bonding
and hydrophobic interactions with MDM2. Recently our laboratory has successfully shown
the applicability/activity of MI-319 against lymphoma (cell lines, patients samples and
animal xenografts) [47]. Therefore, we tested the biological activity of MDM2 inhibitors
MI-319 and MI-219, on five PC cell lines [one containing wild type 53 and four containing
mutant-p53] and our in vitro results confirmed that both inhibitors could induce cell growth
inhibition and apoptosis in PC in a wt-p53 dependant manner as mut-p53 cells did not show
robust growth inhibition or apoptosis towards these inhibitors. This confirmed the “proof of
principle” of MDM2 inhibitor action in wt-p53 PC cells and clearly provided direct evidence
for the functional activation of p53, by both MI-219 and MI-319 through destabilization of
the wt-p53-MDM2 complex leading to the stabilization of wt-p53 in PC cells. One can argue
that the doses of MDM2 inhibitors required for growth inhibition in PC were much higher
compared to other tumor types such as prostate, colon and breast. In this regard it should be
noted that PC is an inherently resistant cancer that is not easily amenable to currently
available chemotherapeutic drugs. This is further supported by studies which suggest that
the wild type p53 pathway is compromised in PC due to SNP309 polymorphism of MDM2
that ultimately facilitates accelerated pancreatic adenocarcinoma formation [48,49].
Nevertheless, our combination studies show that MI-319 as well as MI-219 at lower
concentrations can synergize with gemcitabine leading to enhanced cell growth inhibition
and apoptosis in PC cell suggesting that these inhibitors certainly have applicability in this
tumor type.

In-depth mechanistic studies on the mode of action of inhibitors on MDM2 and the
consequent p53 reactivation are lacking and it was of interest to us to explore the roles of
crucial proteins that are involved in the regulation of p53. Activated p53 is known to be
influenced by multiple post-translational control processes such as phosphorylation and
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acetylation that positively regulate p53 function [50]. Acetylation is an important epigenetic
phenomenon in the biology of p53 [51,52]. Upon stress, p53 is acetylated at Lys382 which
enhances its DNA binding activity [53]. Moreover, deacetylation of p53 by SIRT1 has been
shown to repress p53 mediated cell cycle regulation and apoptosis. SIRT1 is also known to
deacetylate another protein Ku70 which, in turn, interacts with Bax and is responsible for
blocking Bax entry into mitochondria. Therefore, we sought to determine whether
acetylation of p53 could be influenced by our inhibitors in PC cells. Indeed our results
showed that MI-219 treatment suppresses SIRT1 protein and simultaneously enhances
acetylation of p53 (Fig. 5A). Using state of the art Surface plasmon resonance techniques we
studied the binding between MI-319 or Nutlin-3 and Ku70 and our results confirm high
affinity association between the two (Fig. 5F). Interestingly MI-219 treatment resulted in the
suppression of Ku70 expression along with disruption of Ku70-Bax interaction (Fig. 5E).
This observation is of great importance because it proves that MDM2 inhibitor not only
blocks MDM2 which is its primary target but also suppresses two secondary targets the
negative regulator ‘SIRT1’, which is a molecule that regulates p53 function and Ku70.
Although it is too preliminary to confirm the true binding/interaction site of Ku70 or SIRT1
to MI-319, yet is can be speculated that MI-319 or Nutlin-3 may interact with peptide
sequence (LSQETFSDLWKLL) similar to p53 transactivation domain towards which both
Nutlin-3 or MI series of inhibitors were built.

As MI-219 does not alter MDM2 expression yet Ku70 and SIRT1 are suppressed suggesting
that these drugs may have a MDM2 independent role in the biology of cells. However,
compelling evidence in literature supports to a MDM2 dependent mechanism of action of
these drugs on Ku70 and SIRT1. Our cell free FRET based SIRT1 activity assay showed
inhibition of SIRT1 activity by MDM2 inhibitors. Yet in a cellular system the dynamics of
SIRT1 is complex. Studies so far suggest that only wt-p53 can inhibit SIRT1 while cells that
have lost or have mutations in p53 have over expressed SIRT1 and cannot repress it [17].
This certainly points out that the suppression of SIRT1 in our system is p53 dependent
however elucidation of the exact mechanism of action requires further work. As far as Ku70
is concerned, very recently Nutlin, a drug with similar mode of action as MI-219 was shown
to disrupt hdm2-Ku70 interaction [19]. Based on our results and those of others we propose
multiple mode of action MI-219 on SIRT1 and Ku70. MDM2 inhibitors down regulate
SIRT1 (western blot results Fig. 5A–C) that in principle may prevent Ku70 and p53
deacetylation. Surface plasmon resonance and Co-IP results confirm that MI drugs directly
bind to Ku70 as well as disrupt Ku70-Bax interaction (Fig. 5). Although yet to be proved, it
is suggested that such a direct binding may induce conformational changes in Ku70
rendering it ineffective in binding to Bax and therefore allowing the latter to induce
apoptosis. MI drugs also directly suppress Ku70 mRNA and protein expression (Fig. 6A and
B) which in turn allows p53 induced free Bax to mediate apoptotic events.

In phase I/II pilot study showed that adenoviral p53 gene delivery in conjunction with
gemcitabine increased survival in patients with advanced metastatic PC [54]. The basic idea
behind such a study certainly holds some ground, yet it does not acknowledge the role of
MDM2 that would block nascent p53 produced by the virus thus effectively diminishing the
outcome of the adenoviral therapy. Therefore, we believe that our inhibitors might play
pivotal role in a combination therapy setting by blocking MDM2 binding to p53 and
therefore enhancing the cytotoxic effect of gemcitabine. Based on this assumption we
analyzed combination treatments on both mutants as well as wt-p53 PC cells. Although the
combination treatment was ineffective on the mutant cell lines, both MI-219 and MI-319
treatment sensitized PC cells to induce synergistically significant apoptosis by gemcitabine
[CI<1] in wt-p53 cells. The observed results have significant therapeutic implications
because gemcitabine alone cannot be considered as an ideal agent for PC therapy. In view of
our in vitro combination results, we hypothesize that using a targeted agent such as MDM2
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inhibitor in conjunction with conventional drugs would be beneficial for the treatment of
patients diagnosed with PC.

Finally to determine whether animal models can add to the weight of preclinical evidence
warranting further development of MDM2 inhibitors towards clinical application, we
evaluated the anti-tumor activity of MI-319 as an oral agent employing Capan-2 [wt-p53]
and BxPC-3 [mut-p53] as xenograft mouse model. The MI-319 was highly effective
[p=0.015] in inhibiting tumor growth of Capan-2 and not BxPC-3 xenografts (Fig. 6).
Interestingly, MI-319 was given orally for 14 consecutive days with no apparent toxicity
observed in all the treated animals. Based on the in vitro combination results with
gemcitabine, we hypothesized that our MDM2 inhibitors would also have enhanced
antitumor activity of gemcitabine in vivo. Those studies are beyond the scope of this
manuscript. In vivo studies on the role of SIRT1 and Ku70 in tumor growth inhibition either
with MI-319 alone or in combination are currently under investigation. Further, very
recently we have shown that MI-319 when combined with cisplatin can be effective inducer
of apoptosis in PC irrespective of the mutational or functional status of p53. In the same
study we have confirmed the involvement of a distinct pathway involving p73 that is also
under the influence of MDM2 and unlike p53, is rarely mutated in PC [55]. Nevertheless our
results presented in this study clearly suggest that re-activation of p53 by our potent and
specific MDM2 inhibitor could be a promising therapeutic strategy that warrants clinical
investigation for the treatment of human PC for which there is no curative therapy.
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Fig. (1). MDM2 inhibitors MI-219 and MI-319 induce cell growth inhibition and apoptosis in wt-
p53 cells
(A) Structures of MI-219, MI-319, MI-10 and Nutlin-3. (B) PC cells were treated with
DMSO, MI-219, MI-319, MI-10 or Nutlin-3 (0–50 μM) for 72 hrs and cell viability was
assessed using MTT assay. The inhibition of cell growth was dose-dependent. Error bars
denote SEM of 3 independent experiments. (C) Capan-2, Capan-1 and Colo-357, HPAC and
BxPC-3 cells were incubated with MI-219, MI-319 {0–10 μM) and MI-10 (0–25 μM) for 72
hours and apoptosis was analyzed by Histone/DNA ELISA using Roche Cell Death
Detection Kit (Roche). Nutlin-3 (10 μM) was used as a positive control in the apoptosis
experiments. (D) Cell death as assessed by trypan blue exclusion assay. PC cells were
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treated with MDM2 inhibitors at indicated concentrations for 72 hrs. ** Denotes p<0.01
when compared to untreated controls.
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Fig. (2). MDM2 inhibitors induce cell cycle arrest in PC cells
(A) PC cells were exposed to MI-219 or MI-319 (0 and 10 μM) for 72 hrs and cell cycle was
analyzed by PI staining. The results are representative of three independent experiments. (B)
siRNA against p21 blocks the cell growth inhibition (GI) by MDM2 inhibitors. PC cells
transfected with either p21 siRNA or control siRNA were treated with MI-319 or MI-219
for 72 hours and cell growth inhibition was analyzed by MTT assay. ** Denotes p<0.01
when compared to inhibitor treated control. (C) Western blot analysis of lysates of
Colo-357, Capan-1, HPAC and Capan-2 cells treated indicated concentrations of either
untreated; control siRNA or p21 siRNA for 5 hrs. Protein was isolated according to
procedures described in methods section.
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Fig. (3). MDM2 inhibitors MI-219 and MI-319 block intracellular MDM2-p53 interaction and
activate p53 pathway in wt-p53 cells
(A) Western blot analysis of whole cell lysate isolated from Capan-2 cells exposed to either
DMSO (V) or increasing concentrations of MI-219 (Left Panel) and MI-319 (Right Panel)
(0–25 μM for 24 hrs). Note up-regulation of p53, p21, Puma in Capan-2 cells (wt-p53).
Nutlin-3 (25 μM) was used as a positive control in all experiments. (B) Western blot
analysis of whole cell lysate isolated from Capan-1 and Colo-357 cells exposed to increasing
concentrations of MI-219 (0–25 μM for 24 hrs). Note no up-regulation of p53, p21, Puma in
Capan-1 or Colo-357 cells (mut-p53). Nutlin-3 (25 μM) was used as a positive control in all
experiments. (C) Co-immunoprecipitation of MI-219 or MI-319 treated Capan-2 or
Colo-357 cell lysate was performed with MDM2 followed by western blot analysis with
p53. Note reduced association of MDM2-p53 interaction in drug treated Capan-2 (wt-p53)
but not in Colo-357 (mut-p53) cells. Blots are representative of three independent
experiments.
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Fig. (4). MDM2 inhibitors augment antitumor effect of gemcitabine
Panels A – D (Upper Panels); Capan-2 cells were exposed to either vehicle (DMSO),
MI-219 (5 μM), MI-319 (5 μM), Gemcitabine (100 nM) alone, MI-219 (5 μM) +
Gemcitabine (100 nM) and MI-319 (5 μM) + Gemcitabine (100 nM). Cell growth inhibition
was detected using MTT assay while apoptosis was detected using Histone DNA/ELISA
assay as described under Material and Methods. Error Bars denote SEM of four independent
experiments. ** p value < 0.01 when compared to untreated controls. Panels A – D (Lower
Panels); Isobologram analysis of the combination of gemcitabine and MI-219 or
gemcitabine and MI-319 in Capan-2 cells. Combination index (CI) values were calculated
using Calcusyn software. Points below the line indicate synergy.
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Fig. (5). MI-219 suppresses SIRT1 and disrupts SIRT1-Bax as well as Ku70-Bax interaction in
Capan-2 cells
(A & B) Western blot analysis of lysates extracted from Capan-2 and Colo-357 cells
exposed to increasing doses of MI-219 (0–25 μM for 24 hrs). Equal amount of protein was
loaded and Western blot analysis was performed using anti-SIRT1, anti Ku70, anti-Bax and
anti-acetyl-p53 antibodies. Anti-β-actin antibody was used as protein loading control as
shown for each blot. (D) SIRT1 FRET based screening assay for activity of MDM2
inhibitors against SIRT1. Assay was performed in 96 well plate according to manufacturers
protocol. Note suppression of SIRT1 post 15 μM MI-219; MI-319 or Nutlin-3 treatment. No
suppression in SIRT1 by MI-10. (E) (Left Panel) Co-immunoprecipitation of MI-219 treated
Capan-2 cell lysate was performed with SIRT1 followed by Western blot analysis with Bax
and vice versa. Note reduced association of SIRT1-Bax interaction in drug treated cells.
(Right Panel) Co-immunoprecipitation of MI-219 treated Capan-2 cell lysate was performed
with Ku70 followed by Western blot analysis with Bax and vice versa. Note reduced
association of Ku70-Bax interaction in drug treated cells. Blots are representative of three
independent experiments. (F) Label-Free analysis of binding using surface plasmon
resonance (SPR) reveals that both MI-319 and Nutlin-3 bind to Ku70 protein with low to
mid micro-molar dissociation constants (KD). 8000 refractive index units (RU) of
recombinant KU70 were covalently immobilized on the surface of Fc4 on a gold CM5 SPR
chip, and refractive index changes were monitored in real time after injection of
concentration series of MI-319 at 25 °C. Binding was permitted over 300 seconds followed
by wash with HBS-EP for 480 seconds to reveal dissociation. Sensogram were normalized
to a common baseline, and fitted using BIAevaluation software to estimate drug ON-rates
(Ka) and Drug OFF-rates (Kd) followed by calculation of KD (ka/Kd).
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Fig. (6). MI-319 orally inhibits tumor growth in Capan-2 (wt-p53) and not in BxPC-3 (mut-p53)
xenograft animal model
(A) Capan-2 xenografts were inoculated subcutaneously in SCID mice. Once transplanted,
fragments developed into palpable tumors (about 60 mg), groups of 7 animals were removed
randomly and assigned to two treatment groups. Mice were administered MI-319 orally at
300 mg/kg for fourteen consecutive days. (○) Vehicle Control and (▲) MI-319 treated
group. (B) MI-319 did not cause any loss in mice body weight during the course of
treatment. (○) Vehicle Control and (■) MI-319 treated group. (C) BxPC-3 xenografts were
established and treated with MI-319 similar to Capan-2 in SCID mice. (○) Vehicle Control
and (■) MI-319 treated group. (D) MI-319 did not cause any loss in mice body weight
during the course of treatment. (○) Vehicle Control and (■) MI-319 treated group.
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