
Abstract. The p53 tumor suppressor is negatively regulated
by murine double minute 2 (MDM2), which binds to p53 and
promotes p53 ubiquitination and degradation. MDM2
inhibitor-219 (MI-219), a small molecule MDM2 inhibitor,
was recently reported to disrupt p53-MDM2 binding, leading
to p53 activation and suppression of tumor cell growth both
in vitro and in vivo. This study tested the efficacy of MI-219
against a panel of lung cancer cell lines alone or in
combination with MDM2 knockdown, an X-linked inhibitor
of apoptosis protein (XIAP) inhibitor, or a chemotherapeutic
drug, etoposide. When acting alone, MI-219 selectively
inhibited growth of wild-type (wt) p53-containing lung
cancer cells by induction of G1 or G2 arrest in a p53-

dependent manner, but had a minor effect on wt p53-bearing
immortalized cells. MDM2 knockdown had a minimal effect
on MI-219 induced growth suppression. Although MI-219
increased XIAP expression, blockage of XIAP via SM-164, a
Smac mimetic compound, did not selectively enhance MI-219
cytotoxicity. Significantly, MI-219 sensitized lung cancer
cells to etoposide-induced cell killing. This study revealed
that, when acting alone, MI-219 selectively inhibits the
growth of lung cancer cells harboring a wt p53. In
combination, MI-219-induced cytotoxicity was not affected
by MDM2 knockdown nor by a XIAP inhibitor, but MI-219
sensitized cancer cells to etoposide, suggesting MI-219 could
serve as a chemosensitizing agent. 

p53 tumor suppressor is induced and activated by a variety of
stresses, particularly DNA-damaging agents (1). Upon
activation, p53 prevents tumor formation via inducing growth
arrest to repair the damage or apoptosis to eliminate
irreparable cells (2-4). These biological functions of p53 are
achieved through transcriptional activation or repression of
p53 downstream targets and/or through direct binding of p53
to cellular proteins that regulate cell proliferation and death
(5). p53 is inactivated in human cancer by two major means:
point mutation which occurs in 50% of human carcinomas
(6) and murine double minute 2 (MDM2) binding and
degradation, which eliminates wild-type (wt) p53 (7). MDM2
or its human homolog, HDM2 is an oncogene with a major
function as a p53 inhibitor. MDM2 inactivates p53 mainly
through two mechanisms: binding to p53 transactivation
domain to block its transcription activity and ubiquitinating
p53 to promote its degradation (8, 9). Thus, disruption of
MDM2-p53 binding to reactivate p53 is an attractive
pharmacological approach against human cancer harboring a
wt p53 (10). 
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In the past few years, several classes of small molecule
inhibitors that disrupt p53-MDM2 binding, such as Nutlin-
3 and MI-43/63/219/319 series, have been discovered (11-
14). While these compounds induce a significant increase
in p53 levels, they may be associated with some side-
effects due to MDM2 accumulation in response to p53
activation. Accumulated MDM2 was not able to promote
p53 degradation in the presence of these inhibitors, which
disrupt MDM2-p53 binding, but may act on other cellular
proteins such as RB, E2F and ribosomal proteins, just to
name few, to execute its p53-independent functions (15).
This may explain why this class of drugs, when used as a
single agent, often induces p53 to cause only growth arrest,
not apoptosis (except with use of a high toxic dose) in a
number of human cancer cell lines, including lung cancer
lines (16-18). Thus, combination of this type of
MDM2/p53-disrupting drug with siRNA-mediated MDM2
knockdown may eliminate any undesirable effects derived
from MDM2 accumulation. In addition, MDM2 has been
recently shown to increase X-linked inhibitor of apoptosis
protein (XIAP) levels via enhancing IRES-dependent XIAP
translation (19). It is well established that: (a) XIAP is a
cellular survival protein that inhibits apoptosis via binding
to and inhibiting both active caspase-9 and caspase-3 (20),
and (b) disruption of XIAP-caspase binding by Smac or
Smac mimetic compound activates caspases, leading to
apoptotic cell killing (21). Thus, rational combination of an
MDM2 inhibitor (e.g. MI-219) (16) with a Smac-mimetic
compound (e.g. SM-164) (21) would, in theory,
synergistically kill lung cancer cells via apoptosis by
activation of both p53 and caspases.

It has been recently shown that MI-43 selectively kills
lung cancer cells harboring wt p53 (17). In the present
study, a more potent analog, MI-219 (16), was used to
further investigate the efficacy of MI-219 against lung
cancer cells when acting alone or in combination with
MDM2 knock-down (to abrogate MDM2 p53-independent
functions), with SM-164 (to block XIAP), or with etoposide
(for chemosensitization). 

Materials and Methods
Compound. MI-219, MI-43 and their inactive analog MI-61 were
synthesized as described previously (22, 23). SM-164 and its
inactive analogue, SM-173 were synthesized as described previously
(21, 24). Etopside was obtained from Sigma (St. Louis, MO, USA).
The drugs were dissolved in DMSO before use. 

Cell culture. Four lung cancer cell lines, A549, H1299, H460 and
SKLU-1 were obtained from ATCC (Manassas, VA, USA). All of
them were cultured in DMEM supplemented 10% FBS. Human
immortalized lung bronchial epithelial NL20 cells were cultured in
Ham's F12 medium supplemented with 1.5 g/l sodium bicarbonate,
2.7 g/l glucose, 2.0 mM L-glutamine, 0.1 mM nonessential amino
acids, 5 μg/ml insulin, 10 ng/ml epidermal growth factor, 1 μg/ml

transferrin, 500 ng/ml hydrocortisone and 4% FBS. Human lung
fibroblast MRC5 cells were a gift from Dr. Rehemtulla and grown in
RPMI-1640 containing 10% FBS.

Western blotting analysis. The cells were allowed to grow in their
respective media until they reached 70% confluency. Cells were then
treated with MI-219, SM-164, etoposide, alone or in combination
and subjected to Western blotting using antibodies against p53,
MDM2 and PUMA (EMD Chemical, Gibbstown, NJ, USA ), p21
(BD Pharmingen, San Jose, CA, USA), MDMX (Bethyl,
Montgomery, TX, USA), NOXA (Oncogene Science, Cambridge,
MA, USA), pRB (Santa Cruz, Santa Cruz, CA., USA). β-Actin
(Sigma, St. Louis, MO, USA) was used as a loading control. 

ATPlite 5-day growth assay and IC50 determination. The lung
cancer cells were seeded in 96 well white plates in the center
60 wells at 3,000 cells per well in triplicate, except for DMSO
controls in 6 wells in two separate locations. Cells were treated
the next day with MI-219 at doses ranging from 0.1 to 30 μM
for 5 days. The viability of the cells was then measured using a
one-step ATPlite kit (Perkin Elmer, Waltham, MA, USA) as
described previously (25). The results were calculated by
setting the value of DMSO control cells as 100% and then
plotted in Prism 4.0 (Graphpad, La Jolla, CA, USA) to generate
IC50 curves. 

siRNA silencing. A lentivirus-based siRNA construct was used to
silence p53, as described previously (17). For MDM2 silencing, ON-
TARGETplus SMARTpool oliognucleotides (Dharmacon, Lafayette,
CO, USA; L-003279-00) was used (26), along with a scrambled
control siRNA (27). Cells were transfected with siRNA using
Lipofectamine 2000 and split 48 hours later. One portion was used
for cell growth assay and the other portion for Western blotting.

Fluorescence-activated cell sorting (FACS) analysis. Cells were treated
with MI-219 alone or in combination with MDM2 knockdown, SM-
164, or etoposide for 24 or 48 hours. Both detached and attached cells
were harvested and subjected to FACS analysis (25). 

Real-time cell growth assay. Real-time monitoring of live cell
proliferation was performed using a RT-CES system (Real-Time
Cell Electronic Sensing, ACEA Biosciences, San Diego, CA, USA).
The system allows for label-free, dynamic, and quantitative
detection of live cells (28). Cells were seeded in triplicate in 96-
well ACEA E-plates (ACEA) and cell growth was continuously
monitored on a RT-CES system every 15 minutes for a period up to
4 days. The dynamic cell proliferation and cell growth inhibition
were presented by cell index, which is an arbitrary unit, reflecting
the cell-sensor impedance from each well. The cell index is
proportionally related to the cell numbers, cell size and the adhesion
ability of cells (28). 

SA-β-Gal staining. The expression of SA-β-Gal in cells was
determined by SA-β-Gal staining as described previously (29).

Caspase-3 activation assay. The activity of caspase-3 was analyzed
using a fluorogenic caspase-3 assay with Ac-DEVD-AFC as a
substrate (Biomol, Plymouth Meeting, PA, USA) as described
previously (25). The results were expressed as fold change
compared to control. 
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Results

MI-219 selectively inhibited the growth of lung cancer cells
harboring wt p53 by induction of the G1 or G2 arrest,
following p53 activation. Recently, it was reported that the
small molecule MDM2 inhibitor, MI-219, disrupted MDM2-
p53 binding and suppressed the growth of a number of
human cancer cell lines both in in vitro cultured cells and in
vivo xenograft tumors (16). However, the effect of MI-219
against lung cancer cells has not been characterized yet. The
present study determined the efficacy of MI-219 against two
pairs of human lung cancer lines which differ in their p53
status: adenocarcinoma lines A549 (p53 wt), and SKLU-1
(p53 mut) and non-small cell lung carcinoma (NSCLC) lines
H460 (p53 wt) and H1299 (p53 null) (30). A 5-day ATPlite
luminescence assay was used to measure cell proliferation or
viability. As shown in Figure 1A, MI-219 induced dose-
dependent growth suppression in wt p53-containing A549
and H460 cells, with an IC50 value of 2.2 μM and 1.5 μM,
respectively. MI-219 was much less potent against p53 null

H1299 cells and p53 mutant SKLU-1 cells with IC50 values
at least one magnitude higher (>30 μM). The study further
determined this wt p53-dependent selective killing by MI-
61, an MI-219 structural analog inactive in disrupting
MDM2-p53 binding (16) against A549, H460 and H1299
cells and found MI-61 was much less potent, with an IC50
value of 30 μM approximately, regardless of p53 status (data
not shown). Thus, MI-219 selectively inhibited the growth of
lung cancer cells harboring wt p53 in a manner dependent
on its MDM2 inhibitory activity. 

The nature of MI-219-induced growth suppression was
determined by FACS analysis. As shown in Figure 1B, in
A549 cells, MI-219 treatment of 48 hours at 10 μM caused a
moderate G1 arrest (62% to 76%), but a significant G2 arrest
(from 6.5% to 23.4%). In H460 cells, MI-219 mainly induced
G1 arrest (from 53.3% to 93.4%). No obvious induction of
apoptosis at this drug concentration and treatment time period
was observed in A549 and H460 cells (data not shown). In
contrast, the drug had no effect on cell cycle progression of
SKLU-1 and H1299 cells. Thus, MI-219 induced growth
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Figure 1. Growth inhibition and p53 activation in wt p53-containing lung
cancer cells by MI-219. A: Selective growth inhibition of lung cancer
cells harboring wild-type p53. Wild-type p53-containing A549 and H460
cells and p53-deficient H1299 (p53 null) and SKLU-1 (p53 mutant) cells
were seeded in a 96-well plate and subjected to the treatment with MI-
219 at concentrations ranging from 0.1 to 30 μM. Cell viability was
measured after 5 days drug treatment using an ATPlite cell proliferation
assay. The mean±SEM (standard error of the mean) percentages of cell
growth, as compared to DMSO control, from three independent assays,
each run in triplicate are shown. B: Wild-type p53-dependent induction
of growth arrest. Four lines of lung cancer cells were treated with DMSO
control or MI-219 for 48 hours. Cells were fixed in 70% ethanol and PI
stained before subjecting to FACS analysis. The percentage distribution
of cells in each phase of the cell cycle is shown. C: Wild-type p53-
dependent induction of p53 and its downstream target genes. Four lung
cancer cell lines were seeded in 100 mm dishes at 2.5×106 cells per dish
and subjected to treatment with DMSO control or MI-219 at indicated
concentrations for 48 hours. Cell lysates were then prepared and
subjected to Western blot analysis using the indicated antibodies.



suppression is mainly caused by growth arrest at the G1 and
G2 phases of the cell cycle in wt p53 containing lung cancer
cells. Finally, it was confirmed that MI-219 indeed activated
p53. MI-219 caused a dose-dependent induction of p53 in
A549 and H460 cells, but not in H1299 and SKLU-1 cells.
Activated p53 was transcriptionally active, as demonstrated
by a dose-dependent induction of p53 target genes, including
MDM2, p21, and PUMA (Figure 1C). Thus, by disrupting
MDM2-p53 binding, MI-219 activates p53 to induce growth
arrest at the G1 or G2 phase of cell cycle, leading to growth
suppression. 

MI-219 has minor cytotoxic effect on immoralized lung
fibroblast and bronchial epithelial cells. Next it was
determined whether wt p53-expressing immortalized cells
would be more resistant to MI-219. MRC5 human fetal lung
fibroblasts and NL20 immortalized bronchial cells were
examined. As shown in Figure 2A, the drug at concentrations
up to 30 μM had no effect on MRC5 cell growth. NL20 cells

were also very resistant to MI-219, with an IC50 value of 20.2
μM, which is one magnitude higher than that for wt p53-
expressing lung cancer cells. The FACS analysis confirmed
that MI-219 treatment at 10 μM for 48 hours had no effect
on cell cycle progression in MRC5 and NL20 cells (Figure
2B). To determine whether MI-219 would activate p53 as
seen in wt p53-expressing lung cancer cells, Western blot
analysis was performed. Surprisingly, in both MRC5 cells and
NL20 cells, the basal levels of p53 were very high, and could
not be further induced by the drug (Figure 2C and 2D). In
addition, neither basal nor induced levels of MDM2, p21 and
PUMA were detectable in either lines (data not shown). Thus,
unlike what was observed in wt p53-expressing lung cancer
cells, MI-219 was unable to activate p53 in immortalized lung
fibroblasts and bronchial epithelial cells, resulting in their
resistance to MI-219.

MI-219-induced growth arrest of lung cancer cells is p53
dependent. To determine whether the drug sensitivity of
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Figure 2. Immortalized lung cells are resistant to MI-219. A: IC50 determination. Immortalized lung NL20 bronchial epithelial cells and MRC5
fibroblast cells were seeded in a 96-well plate and subjected to IC50 determination. The mean±SEM (standard error of the mean) percentages of cell
growth, as compared to DMSO control, from three independent assays, each run in triplicate are shown. B: MI-219 failed to induce growth arrest
in immortalized lung cells. NL20 and MRC5 cells were treated with MI-219 (10 μM) for 48 hours, followed by FACS analysis. The percentage
distribution of cells in each phase of the cell cycle is shown. C, D: MI-219 and MI-43 failed to induce p53. MRC5 and NL20 cells were treated with
MI-219 (C, D) or MI-43 (D) for 48 hours, followed by Western blot analysis using antibodies against p53 or β-actin for loading control. 



A549 and H460 cells is strictly p53 dependent, the
endogenous p53 was silenced via a lenti-virus based siRNA
construct (Figure 3A) with a complete silencing in A549
cells and partial silencing in H460 cells. Upon p53 silencing,
the drug sensitivity was decreased up to 10-fold, with an
IC50 of 30 μM, a level similarly seen in p53 null H1299 and
p53 mutant SKLU-1 cells (Figure 3B). FACS analysis also
showed that upon p53 silencing, MI-219-induced growth
arrest seen in control silenced cells was completely abolished
in A549 and partially abolished in H460 cell, correlating
with the degree of p53 silencing (Figure 3C). Drug-induced
p53 activation and induction of p53 target genes was also
largely abrogated (data not shown).

Combination of MI-219 with MDM2 knockdown induces
senescence-like phenotype without enhanced growth
suppression. As shown in Figure 1C, MI-219 treatment
induced a robust accumulation of MDM2 in both A549 and
H460 cells. Since MDM2 interacted with many cellular
proteins, such as RB, independently of p53 (15), it was
hypothesized that simultaneous MDM2 knockdown and MI-
219 treatment may alter cellular response to the drug.
Knockdown of MDM2 was attempted in both A549 and
H460 cells. While it was possible to silence endogenous
MDM2 in untreated A549 cells completely, only a partial
knockdown was achieved upon drug treatment (Figure 4B).
H460 cells were refractory to oligonucleotide siRNA
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Figure 3. p53-dependent growth inhibition by MI-219. A: siRNA silencing of endogeneous wild-type p53. A549 and H460 cells were infected with
lenti-si-Cont or lenti-si-p53. Forty-eight hours later, cells were left untreated or treated with MI-219 for 24 hours. Cell lysates were prepared and
subjected to Western blot analysis for p53 and β-actin as a loading control. B: p53-dependent growth inhibition. A549 and H460 cells were infected
with lenti-si-Cont or lenti-si-p53 for 72 hours. Cells were then seeded in 96-well plates for IC50 determination as described above. The mean±SEM
(standard error of the mean) percentages of cell growth, as compared to DMSO control, from three independent assays, each run in triplicate are
shown. C: p53-dependent growth arrest at G1 or G2. H460 or A549 cells were infected with lenti-si-Cont or lenti-si-p53 for 72 hours, followed by
drug treatment (10 μM) for 48 hours and subsequent FACS analysis. The percentage distribution of cells in each phase of the cell cycle is shown. 



transfection and no knockdown was achieved (data not
shown). Therefore further investigations were focused on
A549 cells and found that combination of MDM2
knockdown and MI-219 treatment induced a senescence-like
phenotype as demonstrated by flattened cell morphology and
positive staining for senescence-associated β-galactosidase
(SA-β-gal) (Figure 4A). It was also found that MDM2
silencing increased the basal level of pRB, whereas MDM2
accumulation (by MI-219) reduced pRB levels (Figure 4B).
The fact that A549 cells with and without MDM2 silencing
had similar levels of p53, p21 and pRB after MI-219
treatment (Figure 4B) suggested that senescence-like
phenotype induced by combination of MDM2 knockdown
and MI-219 is independent of p53, p21 and pRB. On the
other hand, combination-induced cell senescence had a
minor effect on cell cycle progression (Figure 4C) and on the
sensitivity to MI-219-induced growth suppression (Figure
4D). It can be concluded from these results that MDM2

knockdown has a minimal effect on MI-219 efficacy.
However, it may still be possible that lack of significant
biological consequence upon combination is due to
insufficient MDM2 knockdown, particularly after MI-219
treatment with a robust MDM2 induction.

Inhibition of XIAP by SM-164 had no effect on MI-219 efficacy.
A recent publication reported that MDM2 was able to increase
expression of XIAP via enhancing an IRES-dependent XIAP
translation (19). It was therefore determined whether XIAP
levels were increased upon MI-219 treatment, which increased
MDM2 levels in H460 and A549 cells. As shown in Figure 5A,
drug-induced MDM2 accumulation had no effect on XIAP
levels in H460 cells, but did increase XIAP about 2-fold in
A549 cells. It was next found that A549 cells were very
resistant, with an IC50 value greater than 50 μM, to SM-164
(Figure 5B), a Smac mimetic that is a very potent inhibitor of
XIAP-caspases binding with an estimated Ki value of 0.2 nM
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Figure 4. MDM2 knockdown enhances MI-219 induced senescence-like phenotype, but does not increase MI-219 efficacy. A549 cells were transfected
with Smart-pool siRNA oligoes targeting MDM2, along with scrambled control siCont. Forty-eight hours post transfection, cells were treated with
MI-219 (10 μM), followed by: (A) SA-β-Gal staining 72 hours later, (B) Western blot analysis 48 hours later, (C) FACS analysis at the indicated time
points post drug treatment, or (D) a 5-day ATPlite growth assay with different drug concentrations for IC50 determination (n=3).



(31). In the present study, SM-164 at a concentration sufficient
to disrupt XIAP-caspase binding was found to have no effect
on MI-219-induced growth suppression, nor its inactive analog,
SM-173 (21,24) (Figure 5C). An additive effect on growth
suppression was detected when SM-164 was used at a
concentration equal to or greater than 25 μM (data not shown),
likely due to non-specific cytotoxicity. Furthermore, whether
MI-219 could sensitize A549 cells to SM-164 was determined
and a limited sensitization was found in a manner
independently of XIAP inhibition, since SM-173, an inactive
XIAP inhibitor (21,24) had an even better sensitization activity
(Figure 5D). Thus, inhibition of XIAP by SM-164 had no
effect on MI-219-induced growth suppression.

MI-219 sensitized A549 cells to the chemotherapeutic drug,
etoposide. Between the two wt p53-expressing lung cancer
cell lines, H460 cells were sensitive, whereas A549 cells
were resistant both in vitro and in vivo to etoposide (32-34),
a chemotherapeutic drug used for the treatment of lung
cancer (35). Whether MI-219 could sensitize A549 and H460

cells to etoposide was determined. Using an RT-CES system
(28), cell growth was monitored for up to 3 days after
treatment with MI-219 or etoposide, alone or in combination.
Cells seeded in the plate were first monitored on the system
in real time for 24 hours before addition of MI-219. Once
the cells reached exponential growth phase (between 24 to
30 hours), MI-219 was added to the cells at different
concentrations, followed by continuous monitoring for an
additional 3 days. In A549 cells, growth inhibition started to
appear 12 hours post treatment. Single drug treatment caused
about 50% growth inhibition, whereas the combinatory
treatment led to a complete growth inhibition (Figure 6A).
Furthermore, A549 cells with combinatory treatment showed
faster cytotoxic kinetics than single compound treatment,
suggesting that MI-219 may not only enhance the overall
cytotoxicity induced by etoposide but also accelerate the
etoposide-mediated cell killing process (Figure 6A, top).
Similarly, in H460 cells, growth inhibition started to appear
12 hours post treatment. A limited growth inhibition by MI-
219, but dramatic inhibition by etoposide was observed
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Figure 5. XIAP does not play a major role in preventing apoptosis induction by MI-219. A: Four lines of lung cancer cells were treated with MI-219
for 48 hours, followed by Western blotting analysis. B: A549 cells were subjected to a 5-day ATPlite growth assay with different drug concentrations
for IC50 determination (n=3). C: A549 cells were treated with MI-219 in combination with SM-164 or SM-173 at the indicated drug concentrations
for 5 days, followed by ATPlite assay (n=3). D: A549 cells were subjected to a 5-day ATPlite growth assay with 1 μM MI-219 in the absence or
presence of different concentrations of SM-164 or SM-173 for IC50 determination (n=3).



thereafter. Again, the combination of both drugs caused near
complete inhibition (Figure 6A, bottom). To understand the
molecular basis of these synergistic effects, the activation of
p53 and its downstream target genes were measured in A549
cells. As shown in Figure 6B, MI-219 induced p53 and its
downstream targets, including MDM2, p21 and PUMA, but
not NOXA, whereas etoposide induced p53 and its targets,
p21, but not MDM2, PUMA, and NOXA. Interestingly, both
MI-219 and etoposide reduced the expression of MDMX, an
MDM2 family member also implicated in targeting p53 for
degradation (36). Combinatory treatment caused even higher
levels of induction of p53 as well as of its targets, PUMA,
p21 and, remarkably, NOXA. On the other hand,

combinational treatment nearly completely eliminated
MDMX expression. It was then determined whether increased
levels of PUMA and NOXA in combinatory treatment could
lead to an enhanced activation of caspase 3. Indeed, as
shown in Figure 6C, while single treatment had no (by MI-
219) or slight (by etoposide) activation of caspase 3,
combinatory treatment caused up to 4-fold induction of
caspase-3. Finally, FACS analysis was performed to
determine the degree of apoptosis induction upon single and
combined treatments. As shown in Figure 6D, single
treatment with MI-219 or etoposide caused limited induction
of apoptosis with an apoptotic population of around 10%
while combinatory treatment significantly enhanced it,
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Figure 6. Sensitization of lung cancer cells to etoposide-induced killing by MI-219. A: Growth inhibition of A549 (top) and H460 (bottom) by MI-
219 or etoposide, alone or in combination. Cells seeded in triplicate in 96-well ACEA E-plates were monitored in real time on the RT-CES system.
The drugs were added alone or in combination 24 hours later at the indicated concentrations. Cell growth was monitored continuously for the
indicated periods of time. B: Activation of p53 and induction of p53 target genes. A549 cells were treated with MI-219 (10 μM), etoposide (L, 10
μM or H, 20 μM) or in combination for 48 hour, followed by Western blot analysis using indicated antibodies. C, D: Activation of caspase-3 and
induction of apoptosis by combinational treatment. C: A549 cells were seeded in 96-well plate and subjected to treatment of MI-219 or etoposide
(L, 10 μM or H, 20 μM) alone or in combination for 48 hours, followed by caspase-3 activity assay. The means±SEM (standard error of the mean)
from two independent experiments, each run in triplicate are shown. D: A549 cells were seeded in 100 mm dish and subjected to treatment of MI-
219, etoposide (L, 10 μM or H, 20 μM) alone or in combination, followed by FACS analysis. Apoptosis is shown by the percentage of cells in the
sub-G1 region. The means±SEM from two independent experiments are shown.



reaching an apoptotic population of up to 22%. Thus, in
A549 cells, MI-219 at a concentration of 10 μM mainly
induces growth arrest; it also enhances apoptosis when
combined with the anticancer drug etoposide as a result of
elevated induction of PUMA and NOXA and activation of
caspase-3. It can be concluded that MI-219 could serve as a
chemosensitizer in lung cancer cells.

Discussion

Recently it was shown that MI-43, a MI-219 analog,
selectively kills lung cancer cells harboring wt p53 and
sensitizes lung cancer cells to etoposide-induced apoptosis
(17). However, MI-43 has low anticancer potency and poor
oral bioavailability. The concentration required for MI-43 to
induce apoptosis is rather high (30 μM), inducing,
subsequently, p53-independent killing (17). All these features
of MI-43 make it impossible to be developed further in
clinical settings. The present study used MI-219, a more
potent and orally bioavailable MDM2 inhibitor and reported
that MI-219 selectively inhibits wt p53-expressing lung
cancer cells, H460 and A549 with a potency 20-fold higher
than lung cancer lines, H1299 and SKLU-1 harboring
defective p53. The mechanism of drug action was through
p53 activation, followed by induction of p21 with a minor
induction of pro-apoptotic PUMA. The p53-dependent drug
action was further confirmed by siRNA silencing of
endogenous p53, which largely abolishes drug-induced
growth inhibition. Mechanistically, the growth inhibition
induced by MI-219 at 10 μM, as a consequence of p53-p21
activation, was mainly attributable to growth arrest either at
the G1 (H460 cells) or G2 (A549 cells) phase of cell cycle
with a minor induction of apoptosis. 

Interestingly, it was found that MI-219 has a miminal
growth suppressive effect on two wt p53-expressing
immortalized lung cell lines, NL20 bronchial epithelia cells
and MRC5 fibroblast cells. This observation appeared to be
contradictory to an earlier study, reporting that Nutlin-1, a
different class of MDM2 inhibitor, was able to induce G1
arrest of the primary human fibroblasts (1043SK) as a result
of p21 induction (37). The discrepancy is likely derived from
the fact that although p53 levels are extremely high in these
two immortalized lines, p53 appears to be inactive regardless
of MI-219 treatment, since the expression of the three
common p53 targets, namely MDM2, p21 and PUMA, were
not detectable even after drug treatment. 

Furthermore, the efficacy of MI-219 against lung cancer
cells was investigated in combination with MDM2
knockdown, with a XIAP inhibitor, SM-164, and with the
chemotherapeutic drug etoposide. It is well-established that
MDM2 has many p53-independent functions (15). For
example, MDM2 binds to pRB and inhibits pRB growth
regulatory function (38). MDM2 also promotes the

degradation of p21 (39) and of ribosomal proteins L26 (40)
and S7 (41) to modulate cell growth and proliferation (42).
Therefore, it was hypothesized that MDM2 accumulation
upon p53 activation by MI-219 could confer additional
growth advantage and therefore simultaneous MDM2
knockdown could block this side-effect to increase the
efficacy of MI-219. On testing this hypothesis, an induction
of cellular senescence-like phenotype was observed when
combining MI-219 and MDM2 knockdown within 3 days in
a mechanism independent of p53, RB and p21. It has been
recently reported that Nutlin-3 reversibly induced
senescence-like phenotype in A549 cells after 6 days drug
exposure (43). Thus, MDM2 knockdown shortened the
process by 3 days. The present observation that MI-219
reduced pRB levels is consistent with recent reports using
Nutlin-3 to induce MDM2 (43, 44). Unexpectedly, MDM2
knockdown did not change the cell cycle profile, nor enhance
the efficacy of MI-219, which may be explained by the
reversible nature of senescence induction and insufficient
silencing of MDM2 under treatment conditions. 

Since XIAP was found to be up-regulated by MDM2 (19)
and XIAP is a known apoptosis inhibitor (45), it was further
hypothesized that lack of apoptosis induction by MI-219 in
lung cancer cells is due to XIAP induction by accumulated
MDM2 and inhibition of XIAP-caspase binding by SM-164
would therefore reactivate caspases and sensitize cells to MI-
219 for apoptosis induction. On testing this hypothesis, it
was found that out of two lung cancer lines with MDM2
accumulation by MI-219, an increased XIAP level up to two-
fold was detected only in A549 cells. Combination of SM-
164 and MI-219, however, did not specifically enhance the
efficacy of MI-219, indicating that XIAP does not play a
major role in preventing apoptosis upon MI-219 treatment. 

Finally, it was shown that MI-219 significantly sensitizes
otherwise resistant A549 cells to etoposide. This is achieved
through enhanced induction of two pro-apoptotic proteins,
PUMA and NOXA, leading to caspase-3 activation to induce
apoptosis. One interesting observation was that either MI-219
or etoposide caused a minor reduction of MDMX, a MDM2
family member also implicated in p53 degradation (46, 47), but
combinational treatment caused a further decrease of MDMX
levels. It has been previously shown that etoposide reduces
MDMX level by promoting its degradation (48). Although it is
not clearly at the present time how MI-219 causes MDMX
reduction, reduction of MDMX, a p53 negative regulator,
would certainly further activate p53 to enhance growth arrest
or apoptosis, as also demonstrated in a recent study using
combination of Nutlin and MDMX siRNA (49).

In conclusion this study showed that MI-219 is a potent
activator of p53, leading to a selective growth inhibition of
lung cancer cells harboring wt p53. Neither MDM2
knockdown nor SM-164 combination increased the efficacy
of MI-219, suggesting that accumulated MDM2 and XIAP
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do not play a major role in MI-219 action. MI-219 did
sensitize otherwise resistant lung cancer cells to etoposide,
suggesting it could act as a chemosensitizer.
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