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Abstract
Background: MI-319 is a synthetic small molecule designed to target the MDM2-P53 interaction.
It is closely related to MDM2 antagonists MI-219 and Nutlin-3 in terms of the expected working
mechanisms. The purpose of this study was to evaluate anti-lymphoma activity of MI-319 in WSU-
FSCCL, a B-cell follicular lymphoma line. For comparison purpose, MI-319, MI-219 and Nutlin-3
were assessed side by side against FSCCL and three other B-cell hematological tumor cell lines in
growth inhibition and gene expression profiling experiments.

Results: MI-319 was shown to bind to MDM2 protein with an affinity slightly higher than that of
MI-219 and Nutlin-3. Nevertheless, cell growth inhibition and gene expression profiling
experiments revealed that the three compounds have quite similar potency against the tumor cell
lines tested in this study. In vitro, MI-319 exhibited the strongest anti-proliferation activity against
FSCCL and four patient cells, which all have wild-type p53. Data obtained from Western blotting,
cell cycle and apoptosis analysis experiments indicated that FSCCL exhibited strong cell cycle arrest
and significant apoptotic cell death; cells with mutant p53 did not show significant apoptotic cell
death with drug concentrations up to 10 μM, but displayed weaker and differential cell cycle
responses. In our systemic mouse model for FSCCL, MI-319 was tolerated well by the animals,
displayed effectiveness against FSCCL-lymphoma cells in blood, brain and bone marrow, and
achieved significant therapeutic impact (p < 0.0001) by conferring the treatment group a > 28%
(%ILS, 14.4 days) increase in median survival days.

Conclusion: Overall, MI-319 probably has an anti-lymphoma potency equal to that of MI-219 and
Nutlin-3. It is a potent agent against FSCCL in vitro and in vivo and holds the promises to be
developed further for the treatment of follicular lymphoma that retains wild-type p53.
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Background
Follicular lymphoma is a slow growing B-cell lymphoma
and is the second most common type of non-Hodgkin's
lymphoma (NHL), which is expected to have more than
66,000 new cases in the USA in 2008 [1]. Despite
improvement of survival rates in recent years [2,3], follic-
ular lymphoma remains incurable due mainly to limita-
tions of the current first-line standard of treatment, which
usually involves concomitant administration of human-
ized anti-CD20 monoclonal antibody rituximab and a
chemotherapy regimen [4]. In the pivotal clinical trial that
led to the approval of rituximab for clinical use in the
USA, only 48% of patients with relapsed follicular lym-
phoma responded [5]. Therefore, better therapeutics is
needed to further improve the outcome of afflicted
patients.

A growing number of recent reports suggest that small
molecule inhibitors targeting the MDM2-p53 interaction
may represent very promising, specific and novel thera-
peutics against various types of cancers [6-9]. The p53
gene is an important tumor suppressor. It can promote
cell cycle arrest by up-regulating the expression of genes
involved in cell cycle control, such as p21WAF1 [10,11];
and can also promote apoptosis, possibly by the up-regu-
lation of pro-apoptotic genes, such as Bax and PUMA [12-
14]. Among all the cancer patients, approximately half of
them have mutated or deleted p53 gene, which leads to
defective p53 protein or complete missing of functional
p53 protein [15,16]. Among the remaining patients with
wild-type p53 gene, functional p53 protein is quickly
degraded after protein translation, primarily through
direct interaction with the MDM2 protein [17]. Thus,
using small molecules to block the MDM2-p53 interac-
tion is an attractive approach to stabilize functional p53
protein and restore its anti-tumor activity in tumors with
wild-type p53 gene.

Unlike in many solid tumors, alterations of the p53 gene
are far less common in hematological malignancies (gen-
erally < 15%) [18]. Therefore, small-molecule inhibitors
that interrupt the MDM2-p53 interaction might represent
a new therapeutic strategy for the treatment of most
patients with this kind of disease. Previous studies dem-
onstrated that a different inhibitor of MDM2, Nutlin-3, is
indeed able to efficiently induce apoptosis in B-cell
chronic lymphocytic leukemia (B-CLL) [19-24]. To our
knowledge, however, there are no reports so far on the
studies of this kind of small-molecule inhibitors against
follicular lymphoma. In the present study, we report on
the evaluation of a new inhibitor of the MDM2-p53 inter-
action, named MI-319, against a follicular small cleaved
B-cell lymphoma line (FSCCL) [25]in vitro by using cul-
tured cells and in vivo by using a systemic model in mice
with severe combined immunodeficiency (SCID). MI-319

is closely related to MDM2 antagonists MI-219 [8] and
Nutlin-3 [6] in terms of the expected main working mech-
anisms. For comparison purpose, we also assessed these
three compounds side by side against FSCCL and three
other B-cell hematological tumor cell lines in growth inhi-
bition and gene expression profiling experiments.

Results
MI-319 binds to MDM2 protein with high affinity
MI-319 has a chemical structure very similar to that of MI-
219 (Fig. 1A). The fluorescence polarization-based com-
petitive binding assay determined that MI-319 binds to
recombinant human MDM2 protein with a Ki value of 9.6
± 3.9 nmol/L, which is lower than the Ki values of 13.3 ±
1.8 nmol/L and 36.0 ± 9.0 nmol/L determined for MI-219
(Fig. 1B) and Nutlin-3 [8], respectively. Therefore, MI-319
binds to human MDM2 protein with an affinity slightly
higher than that of MI-219 and Nutlin-3. When compared
with p53 protein - a natural MDM2 binding target, it
appeared that both MI-319 and MI-219 were over 500
times more potent than a natural p53 peptide in binding
to MDM2 under the same assay conditions (Fig. 1B).

FSCCL cell growth can be effectively inhibited by MI-319, 
MI-219 and Nutlin-3
Because MDM2 antagonists such as MI-319 were expected
to work mainly by restoring the activities of functional
p53 protein, DNA sequencing was carried out first to
determine the mutation status of p53 in the cells studied.
P53 full-length coding cDNA sequences were sequenced
for the four B-cell lines (WSU-FSCCL, WSU-WM, RL and
WSU-DLCL2), whereas p53 genomic DNA sequences cov-
ering exons 5-9 were sequenced for four patient cells.
Sequencing results are summarized in Table 1. We have
used these four cell lines since they represent a wide spec-
trum of b-cell lineage tumors: (a) WSU-FSCCL [represent-
ing follicular low grade non-Hodgkin's lymphoma type
that is wt-p53]; (b) WSU-WM [representing plasmacytoid
type that is mut-p53]; (c) RL representing diffuse large B-
cell lymphoma, mut-p53; (d) WSU-DLCL2 [representing
diffuse, Intermediate grade non-Hodgkin's lymphoma
mut-p53].

Cell growth was examined by MTT assay [26]. As shown
in Fig. 2, MI-319, MI-219 and Nutlin-3 demonstrated sim-
ilar potency and all effectively inhibited the growth of
FSCCL in a dose-dependent manner. For a 48-hour expo-
sure, the concentration that leads to 50% inhibition of
proliferation (IC50) of FSCCL is estimated to be 2.5 μM
for all three compounds. For the three cells with mutant
p53, IC50 can not be determined yet with drug concentra-
tions up to 20 μM. Therefore, the three compounds exhib-
ited approximately 10-fold selectivity in cells with wild-
type p53 over cells with mutant p53. Interestingly, the
three cells with mutant p53 responded differentially to all
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Chemical structure of MI-319 and MI-219 and MDM2 protein binding assayFigure 1
Chemical structure of MI-319 and MI-219 and MDM2 protein binding assay. (A), Chemical structure of MI-319 and 
MI-219. (B), Fluorescence polarization-based MDM2 binding assay. The binding affinities (Ki values) were determined by a com-
petitive fluorescence polarization-based binding assay using recombinant His-tagged MDM2 (amino acids 1-118) and PMDM6-F 
(5-FAM-βAla-βAla-Phe-Met-Aib-pTyr-(6-Cl-L-Trp)-Glu-Ac3c-Leu-Asn-NH2), a fluorescently labeled high-affinity p53-based 
peptide.
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the three compounds. WM exhibited the strongest
response, whereas DLCL2 exhibited the weakest response
(Fig. 2).

In order to get a sense of clinical relevance of MI-319, we
isolated, cultured and treated mononuclear cells from
four B-cell lymphoma patients. As shown in Fig. 3, MI-
319 showed significant cytotoxic effect on all four primary
cultures.

FSCCL cells exhibited increased protein levels of p53, 
MDM2, p21 and cleaved PARP after treatment with MI-
319, MI-219 or Nutlin-3
Treatment with MI-319, MI-219 or Nutlin-3 for 12 hours
led to similar increase in protein levels of p53, MDM2,
p21 and cleaved PARP in FSCCL cells in a dose-dependent
manner (Fig. 4). The levels of Bax and PUMA, however,
were not affected by the treatments. In WM cells, which
have R213Q p53 mutation, MI-319, MI-219 and Nutlin-3
induced increased protein levels of p53, MDM2 and p21,
but not that of Bax, PUMA and cleaved PARP (Fig. 4). In
RL and DLCL2 cells, treatment with the three compounds
did not induce any significant protein level changes
among the genes tested (Fig. 4).

MI-319 induced differential cell cycle arrest responses 
among FSCCL, WM, RL and DLCL2 cells
As shown in Fig. 5, treating FSCCL cells with 10 μM of MI-
319 for 24 hours increased G0-G1 cells by approximately
24% and decreased S and G2-M cells by approximately
14% and 10%, respectively. In comparison, WM, RL and
DLCL2 cells exhibited weaker and differential responses.
In WM, G0-G1 cells increased by approximately 19%,
while S and G2-M cells decreased by approximately 17%
and 2%, respectively (Fig. 5). In RL, G0-G1 cells increased
by approximately 5%, while S and G2-M cells decreased
by approximately 3% and 2%, respectively (Fig. 5). In
DLCL2, G0-G1 cells increased by approximately 13%,
while S and G2-M cells decreased by approximately 4%
and 9%, respectively (Fig. 5).

MI-319 induces apoptotic cell death only in FSCCL cells
Although the protein levels of pro-apoptotic p53 target
genes such as Bax and PUMA are not affected by treatment

with MI-319 (Fig. 4), in FSCCL cells however, there was a
dose-dependent increase in cleaved PARP, which is one of
the hallmarks of apoptotic cell death. To further investi-
gate whether apoptotic mechanisms were involved, we
analyzed cell death by Annexin V staining and Tunnel
assay. As shown in Fig. 6, both experiments revealed that
treating cells with 10 μM of MI-319 for 24 hours induced
significant apoptotic cell death only in FSCCL cells.

MI-319 has significant anti-lymphoma activity in FSCCL 
systemic SCID mouse model
MI-319 was administered orally to the animals at 300 mg/
kg twice a day (BID) for 7 days. The dose schedule was
adopted from a previous study with MI-219 [8]. At this
dose, MI-319 displayed no major adverse effect (> 15%)
on body weight gain by the treated animals (Fig. 7A), sug-
gesting it was tolerated well. After the administration of
MI-319 was stopped, all animals gained weight (Fig. 7A).
At day 51, when first control mouse died, one mouse from
the treatment group was sacrificed and tissue samples
were harvested. The effectiveness of MI-319 was first dem-
onstrated by pathological examination of stained mouse
tissues. As shown in Fig. 7B, blood, brain and bone mar-
row from the control mouse showed heavy involvement
by lymphoma cells. In contrast, MI-319-treated mouse
showed normal peripheral blood, brain and bone marrow
with no apparent lymphoma involvement (Fig. 7B).
Spleen and liver sections were also examined and neither
control nor MI-319-treated mouse showed lymphoma
involvement (Fig. 7B). Between days 51 and 52 post
tumor cell inoculation, all seven control mice succumbed
to the disease, with a median survival of 51.6 days (Fig.
7C). By contrast, until up to day 70 post tumor cell inoc-
ulation, only five out of seven MI-319-treated mice died,
indicating a median survival of over 66.0 days. Thus, treat-
ment with MI-319 conferred a > 28% (% ILS, 14.4 days)
increase in median survival days and has statistically sig-
nificant therapeutic impact (p < 0.0001). For the one
remaining treated mouse, it remained alive after 90 days
and appeared to achieve a complete cure.

Discussion
Follicular lymphoma is the second most common type of
NHL, which has increased incidence over the past three
decades and is now the fifth most common cancer in the
United States [1]. Current therapeutic tools for follicular
lymphoma, such as monoclonal antibodies, radio-immu-
notherapy, vaccines and chemotherapeutic agents, all
have limitations [27]. In an attempt to search for a tar-
geted and less toxic agent that can be administered orally,
we evaluated the anti-lymphoma activity of MI-319 in a
follicular small cleaved cell lymphoma cell line estab-
lished in our laboratory. Data obtained in our studies is
encouraging and is consistent with the following state-
ments: i) MI-319 is able to bind to MDM2 protein with a
high affinity that is over 500-fold more potent than a nat-

Table 1: Summary of cell P53 status

Cell p53 mutation status

FSCCL wild-type
WM R213Q
RL A138P

DLCL2 A248Q
BP071708 wild-type
RM072307 wild-type
CH012306 wild-type
JC012706 wild-type
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ural p53 peptide; ii) MI-319 effectively inhibited prolifer-
ation of FSCCL cell (p53 wild-type) in vitro, with IC50
value of 2.5 μM for 48-hour treatment; iii) Inhibition of
FSCCL cell proliferation by MI-319 involves induction of
both cell cycle arrest and apoptotic death; iv) MI-319 dis-
played potent anti-tumor efficacy in the FSCCL-SCID
mouse model.

MI-319 was designed to stabilize p53 protein in cells by
blocking the MDM2-p53 interaction. Although many
genes in addition to p53 are usually altered in tumors,
recent studies suggest that restoring p53 function alone is
sufficient to cause regression of established sarcomas,
lymphomas, and liver tumors in mice [28-30]. Therefore,
restoring functional p53 activity by using small mole-
cules, such as MI-319, to block MDM2-p53 interaction

and stabilize p53 protein is an attractive pharmacological
approach. Since the discovery of the Nutlins [6], there has
been a great deal of interest in the evaluation of small-
molecule inhibitors of the MDM2-p53 interaction against
various types of cancer [9]. Currently there are two major
classes of such small-molecule inhibitors. One class is rep-
resented by Nutlin-3 [6,31,32]; the other one is repre-
sented by MI-219 [8]. MI-319 is a very close analogue of
MI-219. In our fluorescence polarization-based competi-
tive binding assay, MI-319 exhibited a binding affinity to
human MDM2 protein that is slightly higher than that of
MI-219 and Nutlin-3. Nevertheless, the three compounds
have similar potency against the cells tested in this report
in terms of growth inhibition and regulation of expression
of p53 target genes, such as MDM2, p21, Bax and PUMA.
Therefore, we believe that MI-319, MI-219 and Nutlin-3

Effect of MI-319, MI-219 and Nutlin-3 on cell proliferation in vitroFigure 2
Effect of MI-319, MI-219 and Nutlin-3 on cell proliferation in vitro. Established tumor cell lines. Cells were grown for 
48 hours. The number of viable cells was determined by MTT assay.
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are probably equal as an MDM2 antagonist. In our
remaining cell cycle analysis, apoptotic cell death assays
and animal model studies, we assessed only MI-319 sim-
ply due to availability issues.

One of the mechanisms of MI-219- or Nutlin-3-induced
apoptosis is thought to occur via p53's transcriptional
program by up-regulating the expression of pro-apoptotic
p53 target genes such as Bax and PUMA [8,33,34]. In our
studies, we observed that exposing lymphoma cells to MI-
319 for 24 hours with concentrations up to 10 μM
induced significant apoptotic cell deaths only in FSCCL,
which bears wild-type p53. However, protein levels of nei-

ther Bax nor PUMA were up-regulated by MI-319, MI-219,
or Nutlin-3. We treated FSCCL cells for 24 hours with
higher drug concentrations of 20 and 30 μM and found
that MI-319-induced apoptosis was apparently p53 tran-
scription-independent. At MI-319 concentrations of 20
and 30 μM, FSCCL exhibited decreased proteins levels of
p53 transcriptional target genes, such as MDM2, p21, Bax
and PUMA. However, cleavage of PARP and the number
of TdT-positive cells (apoptotic cells) increased signifi-
cantly in a dose-dependent manner (Fig. 8). It has been
reported by Vaseva et al. that the transcription-independ-
ent mitochondrial p53 program is a major contributor to
Nutlin-induced apoptosis in tumor cells [35]. It appears

Effect of MI-319, MI-219 and Nutlin-3 on cell proliferation in vitroFigure 3
Effect of MI-319, MI-219 and Nutlin-3 on cell proliferation in vitro. Mononuclear cells isolated from lymphoma patients 
- BP071708 is diffuse large B-cell lymphoma (DLCL), RM072307 is marginal zone B-cell lymphoma (MZL), JC012706 is another 
marginal zone B-cell lymphoma (MZL), and CH012306 is small lymphocytic lymphoma (SLL). The number of viable cells was 
determined by trypan blue exclusion test. Data represents mean of three independent experiments. * represents p < 0.05 ** 
represents p < 0.01.
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that Nutlin-induced mitochondrial p53 translocation is
rapid and associated with cytochrome C protein release
that precedes induction of p53 target genes [35]. Further-
more, blocking the transcriptional arm of p53 not only
fails to inhibit, but greatly potentiates Nutlin-induced
apoptosis [35]. We speculate that MI-319-induced apop-
tosis of FSCCL cells may also occur mainly via the tran-
scriptional-independent mitochondrial p53 program.

In our studies, we assessed FSCCL side by side with three
other cells that have mutant p53-WSU-WM (R213Q), RL

(A138P) and WSU-DLCL2 (R248Q). Interestingly, the
cells expressing the three mutants behaved differently in
terms of cell proliferation, cell cycle arrest and expression
of some of p53's target genes, such as MDM2 and p21.
WM responded the strongest among the three and RL and
DLCL2 responded much weaker. Previous reports have
documented that these three p53 mutants still retain
some of wild-type p53 protein's regulatory functions.
When A138P and R248Q mutants were expressed in p53
null cells, it was found that both of them still retain a little
(< 5%) of p53's regulatory activities [36,37]; according to

Gene expression profiling by Western blottingFigure 4
Gene expression profiling by Western blotting. Cells were treated with indicated chemical or equal volume of 100% 
DMSO for 12 hours.
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the studies by Pan et al., the R213Q mutant is still par-
tially functional [38] and therefore probably retains much
more of wild-type p53's regulatory activities. Compared
with wild-type p53, R213Q mutant p53 protein has a
weaker transactivating activity for p21 gene [38]. Our gene
expression profiling data obtained by Western blotting
agreed quite well with this result. Treatment with MI-319,
MI-219 or Nutlin-3 all led to dose-dependent up-regula-
tion of p21 protein in WM cells, but appeared less robust
than that in FSCCL. Overall, it appeared that the different
responses of the three cells with p53 mutants correlated
very well with the level of wild-type p53's regulatory activ-
ities retained by the corresponding p53 mutant proteins.

The main goal of our study is to find a novel agent that
holds promises to make its way into clinical trials for the

treatment of follicular lymphoma. Thus, we tested the
anti-lymphoma activity of MI-319 in vivo by using a sys-
temic FSCCL SCID mouse model. MI-319 given orally for
one week showed no major toxicity, such as > 15% weight
loss in treated animals, whereas the treatment showed a
significant therapeutic impact (p < 0.0001); conferring a
more than 28% (14.4 days) increase in life span (ILS).

Conclusion
Our studies showed that MI-319, MI-219 and Nutlin-3
have similar potency as an MDM2 antagonist. MI-319 has
potent anti-lymphoma activities against FSCCL cells. It
stabilizes p53 protein and induces cell cycle arrest and
apoptosis in follicular lymphoma cells that retain wild-
type p53. When administered orally to the animals, MI-
319 showed significant anti-lymphoma activity. Our

Cell cycle analysisFigure 5
Cell cycle analysis. Cells were treated with MI-319 or equal volume of 100% DMSO for 24 hours. Numbers plotted here are 
the average of at least three independent experiments. * represents p < 0.05 and ** represents p < 0.01.
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results provide confidence towards the development of
MDM2 inhibitors for lymphoma patients in the clinic.

Methods
Chemical synthesis and competitive binding assay
MI-319 and MI-219 were synthesized by using methods
published previously [39]. Nutlin-3 was purchased from
Sigma-Aldrich. For cell culture experiments, MI-319, MI-

219 and Nutlin-3 were dissolved in 100% DMSO to make
10 mM stock solutions which were kept at -70°C. Fluores-
cence polarization-based competitive binding assays were
performed to determine the binding affinity of MI-319
and MI-219 with a recombinant His-tagged MDM2 pro-
tein. The assays were carried out as described previously
[40].

MI-319 induces cell apoptosis in FSCCL cells onlyFigure 6
MI-319 induces cell apoptosis in FSCCL cells only. (A) Cells were stained with Annexin V-FITC and quantification of the 
percentage of apoptotic cells was done with a Coulter EPICS 753 flow cytometer. (B) Tunnel assay. TdT+ cells (apoptotic cells) 
were assessed with a Coulter EPICS 753 flow cytometer. Numbers plotted here are the average of three independent experi-
ments. * represents p < 0.05 and ** represents p < 0.01.
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P53 genomic DNA and full-length cDNA sequencing
Genomic DNAs were extracted by adapting a procedure
described previously [41]. The amount of genomic DNA
was determined by UV absorption at 260 nm. 200 ng was
used in each reaction of PCR amplification. Primers to
amplify exons 5/6, 7, and 8/9 of human p53 and adjacent
intronic sequences were adopted from the literature [24]

with modification of the p53-E5/6-F primer sequence as
5'-ggaggtgcttacgcatgtttg-3'. Amplified PCR products were
analyzed by agarose gel electrophoresis, cleaned with Wiz-
ard SV Gel/PCR Cleanup kit (Promega, Madison, WI), and
sequenced directly. Sequencing was done with the
Applied Biosystems ABI Prism 3700 sequencer (Applied

Survival of FSCCL-SCID mice is prolonged with the treatment of MI-319Figure 7
Survival of FSCCL-SCID mice is prolonged with the treatment of MI-319. (A) Treatment with MI-319 did not result 
in significant body weight changes (> 15%). Wn=mouse body weight at day (n); W4 = mouse body weight at day (4) when the 
administration of MI-319 was started. (B) H&E staining of mouse blood smear and sections of mouse brain, bone marrow, liver, 
and spleen. Arrows in the upper blood panel (untreated) point to lymphocytes, indicating lymphoma involvement. Lower brain 
panel (MI-319-treated) is an example of no involvement by lymphoma. Note the thin meningeal lining of the brain (between 
opposing arrows). In comparison, the upper panel (untreated) shows examples of involvement of the meninges by lymphoma. 
Note the expanded space between the opposing arrows indicative of lymphoma cell infiltration. For the bone marrow (femurs) 
sections, lower panel (MI-319-treated) shows examples of normal marrow and upper panel (untreated) shows examples of 
involvement by WSU-FSCCL (note the cavities filled with lymphocytes). (C) The survival percentage of untreated and MI-319-
treated mice is plotted against days post FSCCL inoculation. The control animals have a median survival day of 51.6, whereas 
the treatment animals have a median survival day of over 66.0. n = 7 for control group, n = 6 for treatment group, p < 0.0001.
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Biosystems, CA). Sequencing reactions were performed
using the ABI BigDye®Terminator v3.1.

In order to sequence full-length p53 cDNA, total RNAs
were isolated from cells using the RNeasy® Isolation Kit
(Qiagen, Valencia, CA). The amount of total RNA was esti-
mated by UV absorption at 260 nm. 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).

PCR reactions were performed subsequently to amply p53
cDNA with an Eppendorf AG Mastercycler (Hamburg,
Germany). Two pairs of primers were used to amplify the
full-length p53 coding cDNA sequence. The sequence of
the primers is as follows: p53-F1/p53-R1 (5'-aagtcta-
gagccaccgtcca-3'/5'-catagggcaccaccacacta-3'), p53-F2/p53-
R2 (5'-gtggaaggaaatttgcgtgt-3'/5'-gtggggaacaagaagtggag-
3'). The PCR products were analyzed by agarose gel elec-
trophoresis, cleaned with Wizard SV Gel/PCR Cleanup kit
(Promega, Madison, WI), and sequenced directly.

MI-319-induced FSCCL apoptotic cell death might be p53 transcription-independentFigure 8
MI-319-induced FSCCL apoptotic cell death might be p53 transcription-independent. (A) FSCCL cells were 
treated for 12 hours and Western blotting experiments were performed to examine the protein levels of p53, MDM2, p21, 
Bax, PUMA and PARP. (B) FSCCL cells were grown for 24 hours after drug treatment and apoptotic cell death was assessed 
with Tunnel assay.
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Cell culture
Cell lines FSCCL, WM and DLCL2 were established in our
laboratory [25,42,43]. The cell line RL was purchased
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). Mononuclear cells were isolated from
four lymphoma patients - BP071708 is diffuse large B-cell
lymphoma (DLCL) intermediate grade; RM072307 is
marginal zone B-cell lymphoma (MZL) low grade;
JC012706 is another marginal zone B-cell lymphoma
(MZL) low grade; and CH012306 is small lymphocytic
lymphoma (SLL) low grade. All patients had stage IV dis-
ease. Lymphoma cells were isolated by Ficoll gradient cen-
trifugation (GE Healthcare, Little Chalfont, United
Kingdom), seeded into growth medium right away or
aliquoted into fetal bovine serum with 10% DMSO and
cryopreserved in liquid nitrogen. Studies involving
human tissues were done according to IRB-approved pro-
tocol and all patients had signed informed consent prior
to tissue procurement. Cells were usually seeded at a den-
sity of 2 × 105 viable cells per ml in 24-well or 6-well cul-
ture plates (Costar, Cambridge, MA), or 10-cm cell culture
dishes (Corning Inc., Corning, NY). All cells were main-
tained in RPMI 1640 medium supplemented with 10%
fetal bovine serum (Hyclone Laboratories, Logan, Utah)
and 1% Penicillin-Streptomycin (Invitrogen, Carlsbad,
CA), at 37°C in a humidified incubator with 5% CO2. The
number of viable cells was determined by trypan blue
exclusion test with trypan blue (0.4%) purchased from
Sigma Chemical Co. (St. Louis, MO) and MTT assay [26].
Statistical analysis was done using the t test (two tailed)
with 95% confidence intervals between treated and
untreated samples. P < 0.05 was used to indicate statistical
significance.

Western blot
Cells were collected by centrifugation, washed twice with
cold PBS, and lysed at 4°C in lysis buffer containing pro-
tease inhibitors as described previously [44]. Total protein
content in lysates was estimated by the Bradford method
[45]. The primary antibodies used in the experiments
included p53 (Cell Signaling, Danvers, MA), MDM2
(R&D System, Minneapolis, MN), p21 (Cell Signaling,
Danvers, MA), Bax (Sigma, St. Louis, MO), PUMA (Sigma,
St. Louis, MO), PARP (Cell Signaling), and β-actin
(Sigma).

Cell cycle analysis
Cells were collected by centrifugation and washed twice
with cold PBS. Cell pellets were resuspended in 0.5 ml of
cold PBS and fixed in 4.5 ml of 70% ethanol and stored at
4°C. On the day of analysis, cells were collected by centrif-
ugation and each pellet was resuspended in 1 ml of stain-
ing buffer, which contains 50 μg/mL of propidium iodide,
100 μg/mL of RNase A, and 0.1% of Triton X-100. The cell
suspensions were incubated in the dark for 30 minutes at

room temperature and subsequently analyzed on a Coul-
ter EPICS 753 flow cytometer for DNA content. The per-
centage of cells in different phases of the cell cycle was
determined using a ModFit 5.2 computer program.

Apoptosis analysis
Apoptotic cell death was determined with two methods:
Annexin V-FITC staining and Tunnel assay. Annexin V-
FITC staining kit and ApoDIRECT In Situ DNA Fragmen-
tation Assay (Tunnel assay) kit were purchased from Bio-
Vision (Mountain View, CA). Experiments were
performed by following the manufacturer's instructions.
Quantifications of the percentage of apoptotic cells were
done with a Coulter EPICS 753 flow cytometer.

FSCCL systemic xenograft model
All animal studies were conducted according to Animal
Investigation Committee (AIC)-approved protocol of
Wayne Sate University. This systemic model was initiated
by injecting 20 × 106 FSCCL cells via the tail vein (iv) of
acclimated 3-4 week old female severe combined immune
deficient mice (ICR-SCID) (Taconic Farms, Germantown,
NY). Animals were monitored daily for changes in weight,
side effects of the treatment or signs of any sickness. 8-10
weeks post inoculation, symptoms such as diarrhea, dehy-
dration, ascites, lethargy, paralysis and/or general weak-
ness became evident, thus animals were euthanized,
tissues such as liver, spleen, bone marrow, lymph nodes,
blood and brain were harvested and subjected to H&E
staining to evaluate pattern of dissemination, involve-
ment and confirmation of engraftment. Engraftment rate
for this model is 100%.

Animal preclinical efficacy trial design
The in vivo anti-tumor activity of MI-319 was assessed
against our FSCCL xenograft model. To ensure random-
ness, 14 animals were combined in a single cage and inoc-
ulated with FSCCL. Seventy-two hours later, mice were
pooled and 2 groups of seven animals each were ran-
domly and unselectively assigned to two interventions;
control and MI-319-treated group. MI-319 was adminis-
tered orally at 300 mg/kg BIDx7.

Percent Increase in Host life Span (%ILS)
%ILS was calculated by subtracting the median day of
death of the treated tumor-bearing mice from median day
of death of the tumor-bearing control divided by the
median day of death of the tumor-bearing control ani-
mals. Statistical analysis of data was carried out with
GraphPad Prism software. Survival distribution of the
treated (T) and control (C) groups was compared using
the log-rank test. In this report, survival was characterized
as the duration of the animal's life span 24-hours after the
initiation of the xenograft until an observed event (eutha-
nasia or death).



Molecular Cancer 2009, 8:115 http://www.molecular-cancer.com/content/8/1/115

Page 13 of 14
(page number not for citation purposes)

Pathological evaluation of mouse tissues
Necropsy was carried out to determine extent of macro-
scopic lymphoma. Major organs including the brain,
femur (for bone marrow), liver, and spleen were har-
vested for microscopic examination. In addition, periph-
eral blood smears were examined for evidence of
circulating lymphoma cells.

Competing interests
Ascenta Therapeutics has licensed the technology related
to MI-319 and its analogues from the University of Mich-
igan. S. Wang owns stocks and stock options in Ascenta
Therapeutics and serves as a consultant and its scientific
advisor. The University of Michigan also owns stocks in
Ascenta Therapeutics. D. Yang is one of the co-founders of
Ascenta. He owns stocks and stock options in Ascenta and
serves as the Senior Vice President of Research of the com-
pany.

Authors' contributions
JW performed experiments and prepared the manuscript.
AA, AS, SW, ASA, and ZN performed experiments. DY and
SW synthesized MI-319 and MI-219. AMA-K provided
patient samples and supervised the project. RMM
designed the experiments, supervised the project and pre-
pared the manuscript. All authors read and approved the
final manuscript.

Acknowledgements
This work was supported by the following grants: Leukemia and Lymphoma 
Society grant 6028-8 (RMM); National Institutes of Health grant R01 
CA109389 (RMM); Department of Defense Breast Cancer Program grant 
BC0009140 (SW); and National Institute of Health grant P30 CA22453-20 
(SW).

References
1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, Thun MJ: Cancer

Statistics, 2008.  CA Cancer J Clin 2008, 58:71-96.
2. Liu Q, Fayad L, Cabanillas F, Hagemeister FB, Ayers GD, Hess M,

Romaguera J, Rodriguez MA, Tsimberidou AM, Verstovsek S, Younes
A, Pro B, Lee MS, Ayala A, McLaughlin P: Improvement of overall
and failure-free survival in stage IV follicular lymphoma: 25
years of treatment experience at the University of Texas
M.D. Anderson Cancer Center.  J Clin Oncol 2006, 24:1582-1589.

3. Sacchi S, Pozzi S, Marcheselli L, Bari A, Luminari S, Angrilli F, Merli F,
Vallisa D, Baldini L, Brugiatelli M, Italian Lymphoma Study Group:
Introduction of rituximab in front-line and salvage therapies
has improved outcome of advanced-stage follicular lym-
phoma patients.  Cancer 2007, 109:2077-2082.

4. Schulz H, Bohlius JF, Trelle S, Skoetz N, Reiser M, Kober T, Schwarzer
G, Herold M, Dreyling M, Hallek M, Engert A: Immunochemother-
apy with rituximab and overall survival in patients with indo-
lent or mantle cell lymphoma: a systematic review and
meta-analysis.  J Natl Cancer Inst 2007, 99:706-714.

5. McLaughlin P, Grillo-Lopez AJ, Link BK, Levy R, Czuczman MS, Wil-
liams ME, Heyman MR, Bence-Bruckler I, White CA, Cabanillas F, Jain
V, Ho AD, Lister J, Wey K, Shen D, Dallaire BK: Rituximab chi-
meric anti-CD20 monoclonal antibody therapy for relapsed
indolent lymphoma: half of patients respond to a four-dose
treatment program.  J Clin Oncol 1998, 16:2825-2833.

6. Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong
N, Kammlott U, Lukacs C, Klein C, Fotouhi N, Liu EA: In vivo acti-
vation of the p53 pathway by small-molecule antagonists of
MDM2.  Science 2004, 303:844-848.

7. Koblish HK, Zhao S, Franks CF, Donatelli RR, Tominovich RM,
LaFrance LV, Leonard KA, Gushue JM, Parks DJ, Calvo RR, Milkiewicz
KL, Marugán JJ, Raboisson P, Cummings MD, Grasberger BL, Johnson
DL, Lu T, Molloy CJ, Maroney AC: Benzodiazepinedione inhibi-
tors of the Hdm2:p53 complex suppress human tumor cell
proliferation in vitro and sensitize tumors to doxorubicin in
vivo.  Mol Cancer Ther 2006, 5:160-169.

8. Shangary S, Qin D, McEachem D, Liu M, Miller RS, Qiu S, Nikolovska-
Coleska Z, Ding K, Wang G, Chen J, Bernard D, Zhang J, Lu Y, Gu Q,
Shah RB, Pienta KJ, Ling X, Kang S, Guo M, Sun Y, Yang D, Wang S:
Temporal activation of p53 by a specific MDM2 inhibitor is
selectively toxic to tumors and leads to complete tumor
growth inhibition.  Proc Natl Acad Sci USA 2008, 105:3933-3938.

9. Shangary S, Wang S: Targeting the MDM2-p53 Interaction for
Cancer Therapy.  Clin Cancer Res 2008, 14:5318-5324.

10. El-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM,
Lin D, Mercer WE, Kinzler KW, Vogelstein B: WAF1, a potential
mediator of p53 tumor suppression.  Cell 1993, 75:817-825.

11. Levine AJ: p53, the cellular gatekeeper for growth and divi-
sion.  Cell 1997, 88:323-331.

12. Miyashita T, Reed JC: Tumor suppressor p53 is a direct tran-
scriptional activator of the human bax gene.  Cell 1995,
80:293-299.

13. Yu J, Zhang L, Hwang PM, Hwang PM, Kinzler KW, Vogelstein B:
PUMA induces the rapid apoptosis of colorectal cancer cells.
Mol Cell 2001, 7:673-682.

14. Nakano K, Vousden KH: PUMA, a novel proapoptotic gene, is
induced by p53.  Mol Cell 2001, 7:683-694.

15. Hainaut P, Hollstein M: p53 and human cancer: the first ten
thousand mutations.  Adv Cancer Res 2000, 77:81-137.

16. Feki A, Irminger-Finger I: Mutational spectrum of p53 mutations
in primary breast and ovarian tumors.  Crit Rev Oncol Hematol
2004, 52:103-116.

17. Freedman DA, Wu L, Levine AJ: Functions of the MDM2 onco-
protein.  Cell Mol Life Sci 1999, 55:96-107.

18. Imamura J, Miyoshi I, Koeffler HP: P53 in hematologic malignan-
cies.  Blood 1994, 84:2412-2421.

19. Secchiero P, Barbarotto E, Tiribelli M, Zerbinati C, di Iasio MG,
Gonelli A, Cavazzini F, Campioni D, Fanin R, Cuneo A, Zauli G: Func-
tional integrity of the p53-mediated apoptotic pathway
induced by the nongenotoxic agent nutlin-3 in B-cell chronic
lymphocytic leukemia (B-CLL).  Blood 2006, 107:4122-4129.

20. Coll-Mulet L, Iglesias-Serret D, Santidrián AF, Cosialls AM, de Frias M,
Castaño E, Campàs C, Barragán M, de Sevilla AF, Domingo A, Vassilev
LT, Pons G, Gil J: MDM2 antagonists activate p53 and synergize
with genotoxic drugs in B-cell chronic lymphocytic leukemia
cells.  Blood 2006, 107:4109-4114.

21. Kojima K, Konopleva M, McQueen T, O'Brien S, Plunkett W,
Andreeff M: Mdm2 inhibitor Nutlin-3a induces p53-mediated
apoptosis by transcription-dependent and transcription-
independent mechanisms and may overcome Atm-medi-
ated resistance to fludarabine in chronic lymphocytic leuke-
mia.  Blood 2006, 108:993-1000.

22. Steele AJ, Prentice AG, Hoffbrand AV, Yogashangary BC, Hart SM,
Nacheva EP, Howard-Reeves JD, Duke VM, Kottaridis PD, Cwynarski
K, Vassilev LT, Wickremasinghe RG: p53-mediated apoptosis of
CLL cells: evidence for a transcription-independent mecha-
nism.  Blood 2008, 112:3827-3834.

23. Secchiero P, Melloni E, Tiribelli M, Gonelli A, Zauli G: Combined
treatment of CpG-oligodeoxynucleotide with Nutlin-3
induces strong immune stimulation coupled to cytotoxicity
in B-chronic lymphocytic leukemic (B-CLL) cells.  J Leukoc Biol
2008, 83:434-437.

24. Saddler C, Ouillette P, Kujawski L, Shangary S, Talpaz M, Kaminski M,
Erba H, Shedden K, Wang S, Malek SN: Comprehensive biomar-
ker and genomic analysis identifies p53 status as the major
determinant of response to MDM2 inhibitors in chronic lym-
phocytic leukemia.  Blood 2008, 111:1584-1593.

25. Mohammad RM, Mohamed AN, Smith MR, Jawadi NS, al-Katib A: A
unique EBV-negative low-grade lymphoma line (WSU-
FSCCL) exhibiting both t(14;18) and t(8;11).  Cancer Genet
Cytogenet 1993, 70:62-67.

26. Mosmann T: Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 1983, 65:55-63.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18287387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18287387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16575009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16575009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16575009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17394190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17394190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17394190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17470738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17470738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17470738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9704735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9704735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9704735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14704432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16432175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16432175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16432175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18316739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18316739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18316739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18765522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18765522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8242752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8242752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9039259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9039259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7834749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7834749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11463391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11463391
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11463392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11463392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10549356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10549356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15501075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15501075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10065155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10065155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7919360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7919360
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439677
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16543464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18682598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18682598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18682598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17998303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17998303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17998303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17971485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17971485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17971485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8221615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8221615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8221615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6606682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6606682


Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

Molecular Cancer 2009, 8:115 http://www.molecular-cancer.com/content/8/1/115

Page 14 of 14
(page number not for citation purposes)

27. Bendandi M: Aiming at a curative strategy for follicular lym-
phoma.  CA Cancer J Clin 2008, 58:305-317.

28. Martins CP, Brown-Swigart L, Evan GI: Modeling the therapeutic
efficacy of p53 restoration in tumors.  Cell 2006, 127:1323-1334.

29. Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lin-
tault L, Newman J, Reczek EE, Weissleder R, Jacks T: Restoration of
p53 function leads to tumor regression in vivo.  Nature 2007,
445:661-665.

30. Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky
V, Cordon-Cardo C, Lowe SW: Senescence and tumor clear-
ance is triggered by p53 restoration in murine liver carcino-
mas.  Nature 2007, 445:656-660.

31. Tovar C, Rosinski J, Filipovic Z, Higgins B, Kolinsky K, Hilton H, Zhao
X, Vu BT, Qing W, Packman K, Myklebost O, Heimbrook DC, Vassi-
lev LT: Small-molecule MDM2 antagonists reveal aberrant
p53 signaling in cancer: implications for therapy.  Proc Natl
Acad Sci USA 2006, 103:1888-1893.

32. Sarek G, Kurki S, Enbäck J, Iotzova G, Haas J, Laakkonen P, Laiho M,
Ojala PM: Reactivation of the p53 pathway as a treatment
modality for KSHV-induced lymphomas.  J Clin Invest 2007,
117:1019-1028.

33. Drakos E, Thomaides A, Medeiros LJ, Li J, Leventaki V, Konopleva M,
Andreeff M, Rassidakis GZ: Inhibition of p53-murine double
minute 2 interaction by Nutlin-3A stabilizes p53 and induces
cell cycle arrest and apoptosis in Hodgkin Lymphoma.  Clin
Cancer Res 2007, 13:3380-3387.

34. Bullock AN, Fersht AR: Rescuing the function of mutant p53.
Nat Rev Cancer 2001, 1:68-76.

35. Vaseva AV, Marchenko ND, Moll UM: The transcription-inde-
pendent mitochondrial p53 program is a major contributor
to Nutlin-induced apoptosis in tumor cells.  Cell Cycle 2009,
8:1711-1719.

36. O'Farrell TJ, Ghosh P, Dobashi N, Sasaki CY, Longo DL: Compari-
son of the effect of mutant and wild-type p53 on global gene
expression.  Cancer Res 2004, 64:8199-8207.

37. Xu H, El-Gewedy MR: Differentially Expressed Downstream
Genes in Cells With Normal or Mutated p53.  Oncol res 2003,
13:429-436.

38. Pan Y, Haines DS: Identification of a tumor-derived p53
mutant with novel transactivating selectivity.  Oncogene 2000,
19:3095-3100.

39. Ding K, Lu Y, Nikolovska-Coleska Z, Qiu S, Ding Y, Gao W, Stuckey
J, Krajewski K, Roller PP, Tomita Y, Parrish DA, Deschamps JR, Wang
S: Structure-based design of potent non-peptide MDM2
inhibitors.  J Am Chem Soc 2005, 127:10130-10131.

40. Wang JL, Lin D, Zhang ZJ, Shan S, Han X, Srinivasula SM, Croce CM,
Alnemri ES, Huang Z: Structure-based discovery of an organic
compound that binds Bcl-2 protein and induces apoptosis of
tumor cells.  Proc Natl Acad Sci USA 2000, 97:7124-7129.

41. Miller SA, Dykes DD, Polesky HF: A simple salting out procedure
for extracting DNA from human nucleated cells.  Nucleic Acid
Res 1988, 16:1215.

42. Al-katib AM, Smith MR, Kamanda WS, Pettit GR, Hamdan M,
Mohamed AN, Chelladurai B, Mohammad RM: Bryostatin1 down-
regulates mdr1 and potentiates vincristine cytotoxicity in
diffuse large cell lymphoma xenografts.  Clin Cancer Res 1998,
4:1305-1314.

43. Al-Katib A, Mohammad R, Hamdan M, Mohamed AN, Dan M, Smith
MR: Propagation of Waldenström's macroglobulinemia cells
in vitro and in severe combined immune deficient mice: util-
ity as a preclinical drug screening model.  Blood 1993,
81:3034-3042.

44. Sun Y, Wu J, Aboukameel A, Banerjee S, Arnold AA, Chen J,
Nikolovska-Coleska Z, Lin Y, Ling X, Yang D, Wang S, Al-Katib A,
Mohammad RM: Apogossypolone, a nonpeptidic small mole-
cule inhibitor targeting Bcl-2 family proteins, effectively
inhibits growth of diffuse large cell lymphoma cells in vitro
and in vivo.  Cancer Biol Ther 2008, 7:1418-1426.

45. Bradford MM: A Rapid and Sensitive Method for the Quantita-
tion of Microgram Quantities of Protein Utilizing the Princi-
ple of Protein-Dye Binding.  Anal Biochem 1976, 72:248-254.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18755938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18755938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17182091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17182091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17251932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17251932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17251933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17251933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17251933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16443686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16443686
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17364023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17364023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17545546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17545546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17545546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11900253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19411846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19411846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19411846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12725534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12725534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10871862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10871862
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16028899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16028899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860979
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3344216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3344216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9607591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8499639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8499639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8499639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18769131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18769131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18769131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=942051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=942051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=942051
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Wayne State University
	2009
	An MDM2 antagonist (MI-319) restores p53 functions and increases the life span of orally treated follicular lymphoma bearing animals
	Ramzi M. Mohammad
	Jack Wu
	Asfar S. Azmi
	Amro Aboukameel
	Angela Sosin
	See next page for additional authors
	Recommended Citation
	Authors


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	MI-319 binds to MDM2 protein with high affinity
	FSCCL cell growth can be effectively inhibited by MI-319, MI-219 and Nutlin-3
	FSCCL cells exhibited increased protein levels of p53, MDM2, p21 and cleaved PARP after treatment with MI- 319, MI-219 or Nutlin-3
	MI-319 induced differential cell cycle arrest responses among FSCCL, WM, RL and DLCL2 cells
	MI-319 induces apoptotic cell death only in FSCCL cells
	MI-319 has significant anti-lymphoma activity in FSCCL systemic SCID mouse model

	Discussion
	Conclusion
	Methods
	Chemical synthesis and competitive binding assay
	P53 genomic DNA and full-length cDNA sequencing
	Cell culture
	Western blot
	Cell cycle analysis
	Apoptosis analysis
	FSCCL systemic xenograft model
	Animal preclinical efficacy trial design
	Percent Increase in Host life Span (%ILS)
	Pathological evaluation of mouse tissues

	Competing interests
	Authors' contributions
	Acknowledgements
	References

