by adding 2 X SDS sample buffer, separated by SDS-PAGE, and
subjected to immunoblotting with polyclonal anti-RUNX3
antibody.

In Vitro Pulldown Assay—Wild-type p53 and its deletion
mutants were generated in vitro using a T7 Quick-coupled
transcription/translation system (Promega, Madison, WI) in
the presence of [**S]methionine according to the manufactur-
er’s recommendations. Cell lysates prepared from COS7 cells
transfected with the expression plasmid encoding RUNX3 were
mixed and incubated overnight at 4 °C. Reaction mixtures were
then immunoprecipitated with anti-RUNX3 antibody. The
immunoprecipitates were washed extensively with the lysis
buffer and resolved by SDS-PAGE. The gels were dried up and
subjected to autoradiography.

Indirect Immunofluorescence Staining—U20S cells were
grown on coverslips and transiently transfected with the
expression plasmid for RUNX3. Twenty four hours after trans-
fection, cells were treated with 0.5 um of ADR or left untreated.
Forty eight hours after ADR treatment, cells were fixed in 3.7%
formaldehyde in PBS for 30 min at room temperature, perme-
abilized in 0.2% Triton X-100 in PBS for 5 min at room temper-
ature, and blocked with 3% bovine serum albumin in PBS for 1 h
at room temperature. After blocking, cells were then simulta-
neously incubated with polyclonal anti-RUNX3 and mono-
clonal anti-p53 antibodies followed by incubation with fluores-
cein isothiocyanate-conjugated goat anti-rabbit IgG and
rhodamine-conjugated goat anti-mouse IgG. Cell nuclei were
stained with DAPI (Vector Laboratories, Burlingame, CA).
Cells were imaged by Fluoview laser scanning confocal micro-
scope (Olympus, Tokyo, Japan).

Subcellular Fractionation—U20S cells were transiently
transfected with the expression plasmid encoding RUNX3.
Twenty eight hours after transfection, cells were treated with
0.5 um ADR or left untreated. Forty eight hours after ADR
treatment, cells were washed in ice-cold PBS and lysed in lysis
buffer containing 10 mm Tris-HCI, pH 8.0, 1 mm EDTA, 0.5%
Nonidet P-40, and protease inhibitor mixture for 30 min at4 °C.
Reaction mixture was centrifuged at 15,000 rpm at 4 °C to sep-
arate the soluble fraction (cytoplasmic fraction) from the insol-
uble fraction (nuclear fraction). Equal amounts of cytoplasmic
and nuclear fractions were separated by SDS-PAGE and immu-
noblotted with anti-RUNX3 antibody. Each fraction was ana-
lyzed by immunoblotting with monoclonal anti-lamin B (Ab-1,
Oncogene Research Products) or with monoclonal anti-a-tu-
bulin antibody (Ab-2, NeoMarkers, Fremont, CA) to show the
purity of each fraction.

Apoptotic Assay—U20S and H1299 cells were transiently co-
transfected with the constant amount of the expression plasmid
for GFP together with or without the increasing amounts of
RUNX3 expression plasmid. Forty eight hours after transfec-
tion, cells were fixed in 3.7% formaldehyde in PBS for 30 min at
room temperature and permeabilized in 0.2% Triton X-100 in
PBS for 5 min at room temperature. The coverslips were
mounted with DAPI-containing mounting medium (Vector
Laboratories) and observed under a Fluoview laser scanning
confocal microscope (Olympus, Tokyo, Japan). The number of
GFP-positive cells with apoptotic nuclei was measured.
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FACS Analysis—H1299, HeLa, U20S, and SAOS-2 cells were
transiently transfected with control siRNA or with siRNA
against RUNX3. Twenty four hours after transfection, cells
were exposed to the indicated concentrations of ADR. Forty
eight hours after ADR treatment, floating and attached cells

‘were collected, washed in PBS, and fixed in 70% ethanol at

—20°C. Following incubation in PBS containing 40 ug/ml
propidium iodide and 200 ug/ml of RNase A for 1 h at room
temperature in the dark, stained nuclei were analyzed on a
FACScan machine (BD Biosciences).

Luciferase Reporter Assay—H1299 cells were plated in a
12-well flat bottom plates on a day prior to transfection at a
density of 50,000 cells/well. Cells were then co-transfected with
12.5 ng of p53 expression plasmid, 100 ng of p53-responsible
luciferase reporter construct (p21%** or BAX), and 10 ng of
pRL-TK Renilla luciferase cDNA together with or without the
increasing amounts of the RUNX3 expression plasmid (100 and
300 ng). Total amount of plasmid DNA per transfection was
kept constant (510 ng) with an empty plasmid pcDNA3
(Invitrogen). Forty eight hours after transfection, cells were
lysed, and both firefly and Renilla luciferase activities were
measured with Dual-Luciferase reporter assay system (Pro-
mega), according to the manufacturer’s instructions. The firefly
luminescence signal was normalized based on the Renilla lumi-
nescence signal.

Small Interfering RNA—U2OS cells were transiently trans-
fected with a SMART pool siRNA specifically designed against
RUNX3 or a control nontargeting siRNA (Dharmacon, Chi-
cago) by using Lipofectamine RNAiMAX transfection reagent
(Invitrogen) according to the manufacturer’s instructions.
Forty eight hours after transfection, total RNA was prepared
and subjected to RT-PCR. For knocking down of the endoge-
nous p53, U20S cells were transiently transfected with the
empty plasmid (pSUPER, OligoEngine, Seattle, WA) or with
pSUPER expression plasmid encoding siRNA against p53
(pSUPER-siRNA-p53) by using Lipofectamine 2000 transfec-
tion reagent (Invitrogen) according to the manufacturer’s
instruction.

Colony Formation Assay—H1299 cells were seeded at a final
density of 200,000 cells/6-well plate and allowed to attach over-
night. Cells were then co-transfected with the indicated com-
binations of the expression plasmids. Total amount of plasmid
DNA per transfection was kept constant (2 ug) with pcDNA3.
Forty eight hours after transfection, cells were transferred to
the fresh medium containing G418 (800 wg/ml). After 14 days,
viable colonies were washed in PBS and stained with Giemsa
solution.

RESULTS

siRNA-mediated Knockdown of RUNX3 Decreases the Drug
Sensitivity in a pS3-dependent Manner—To address whether
RUNX3 could be involved in p53-mediated DNA damage
response, RUNX3 was knocked down in human osteosarcoma-
derived U20S, human lung carcinoma-derived A549, human
lung carcinoma-derived H1299, human cervical carcinoma-de-
rived Hela, and human osteosarcoma-derived SAOS-2 cells
(Fig. 1A4). U20S and A549 cells carry wild-type p53. On the
other hand, H1299 and SAOS-2 cells are p53-null and HeLa
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FIGURE 1. Silencing of RUNX3 inhibits ADR-dependent apoptotic cell death in p53-proficient cells but not in p53-deficient cells. A, siRNA-mediated
knockdown of the endogenous RUNX3. The indicated cell lines were transiently transfected with control siRNA (control) or with siRNA against RUNX3 (RX3-kd).
Forty eight hours after transfection, total RNA was prepared and subjected to RT-PCR. B, FACS analysis. Transfected cells were treated with the indicated
concentrations of ADR or left untreated. Forty eight hours after ADR treatment, floating and attached cells were collected, and the percentage of cells with
sub-G, DNA content was analyzed by FACS. C-E, ADR-mediated induction of RUNX3. U20S cells were exposed to ADR at a final concentration of 1 um. At the
indicated times after ADR treatment, cell lysates and total RNA were prepared and processed forimmunoblotting (I8) (C) and RT-PCR (D), respectively. Actin and
GAPDH were used as loading and internal controls, respectively. For the detection of RUNX3, cell lysates were immunoprecipitated (/P) with anti-RUNX3
antibody followed by immunoblotting with anti-RUNX3 antibody (E). F, RUNX3 affects the phosphorylation status of p53 in response to ADR. U20S cells were
transiently transfected with control siRNA or with siRNA targeting RUNX3 and treated with ADR (at a final concentration of 1 um). At the indicated time points

after ADR treatment, cell lysates were prepared and subjected to immunoblotting with the indicated antibodies. Actin was used as a loading control.

cells lack functional p53 due to the presence of viral E6 protein
(27, 28). Knocked down cells were then exposed to the indi-
cated concentrations of DNA-damaging reagent, adriamycin
(ADR). As shown in Fig. 1B, silencing of RUNX3 had undetect-
able effects on ADR-induced apoptotic cell death in H1299,
HeLa, and SAOS-2 cells, whereas ADR-mediated apoptotic cell
death was significantly inhibited in U20S and A549 cells. Sim-
ilar results were also obtained in cells treated with other DNA-
damaging drugs, including etoposide and camptothecin, but
not with paclitaxel (supplemental Fig. S1). These results suggest
a presence of functional association between RUNX3 and p53
in response to DNA damage.

We next examined whether RUNX3 could be induced in”
response to DNA damage. U20S cells treated with ADR at a
final concentration of 1 uM induced the accumulation of p53
and its phosphorylation at Ser-15 as well as expression of its
target genes such as BAX, p21"¥**!, PUMA, and pS3AIPI (Fig.
1, C and D). Under our experimental conditions, RUNX3 was
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significantly up-regulated at both mRNA (Fig. 1D) and protein
(Fig. 1E) levels. These observations indicate that RUNX3 is one
of the DNA damage-response genes. In addition, we could not
detect ADR-mediated phosphorylation of p53 at Ser-20 and
Ser-46 under our experimental conditions (data not shown).
These results prompted us to examine the functional rela-
tionship between RUNX3 and p53 in response to DNA damage.
To this end, U20S cells were transiently transfected with the
control siRNA or with siRNA against RUNX3 and then exposed
to ADR. As shown in Fig. 1F, the knocking down of RUNX3 had
a negligible effect on ADR-dependent accumulation of p53,
whereas ADR-dependent phosphorylation of p53 at Ser-15 was
markedly abrogated. Consistent with these results, ADR-medi-
ated induction of p53 target gene products was strongly inhib-
ited in RUNX3-knocked down cells. Additionally, ADR-depen-
dent cleavage of PARP was undetectable in RUNX3-knocked
down cells. Thus, our present findings imply that RUNX3 con-
tributes to the regulation of DNA damage-induced phosphory-
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FIGURE 2. U20S cells undergo apoptotic cell death in a p53-dependent manner. A, siRNA-mediated knockdown of the endogenous p53. U205 cells were
transiently transfected with the empty plasmid (pSUPER) or with the expression plasmid for siRNA against p53 (pSUPER-siRNA-p53). Forty eight hours after
transfection, total RNA was prepared and subjected to RT-PCR. GAPDH was used as an internal control. B, siRNA-mediated knockdown of p53 reduces its
accumulation and phosphorylation in response to ADR. U20S cells were transiently transfected with the empty plasmid or with the expression plasmid for
siRNA targeting p53. Twenty four hours after transfection, cells were treated with 1 um ADR or left untreated. Forty eight hours after ADR treatment, whole cell
lysates were prepared and processed forimmunoblotting with anti-p53 antibody or with antibody against phospho-p53 at Ser-15. Actin was used as a loading
control. C, trypan blue exclusion assay. U20S cells were transiently transfected as in B. Forty eight hours after ADR treatment, floating and attached cells were
collected and stained with 0.4% trypan blue. After trypan blue staining, a number of trypan blue-positive cells were measured. D and E, RUNX3 is not a direct
transcriptional target of p53. U20S cells were transiently transfected with the empty plasmid or with the expression plasmid for p53. Forty eight hours after
transfection, total RNA was prepared and subjected to RT-PCR. BAX and GAPDH were used as a positive and an internal control, respectively (D). Similarly, U20S
cells were transiently transfected with the empty plasmid or with the expression plasmid for siRNA against p53. Forty eight hours after transfection, total RNA
was prepared and processed for RT-PCR. BAX and GAPDH were used as a positive and an internal control, respectively (E).

lation of p53 at Ser-15 and thereby acting as a co-activator for noblotting. As shown in Fig. 2B, siRNA-mediated knocking
p53 with undetectable effect on its stability. This may give down of the endogenous p53 resulted in a remarkable inhibi-
some clues to understand the previous observations as tion of ADR-dependent accumulation of p53 as well as ADR-
described by Ashcroft et al. (29) showing that DNA damage- dependent phosphorylation of p53 at Ser-15. In accordance
induced stabilization of p53 is detectable irrespective of its  with these results, knocking down of the endogenous p53 led to
phosphorylation status, although both phenomena usually  a significant reduction in number of dead cells in the presence
occur in parallel (20). of ADR as compared with the control cells exposed to ADR (Fig.
RUNX3 Is Not a Direct Transcriptional Target of pS3—Con-  2C). Intriguingly, a substantial number of dead cells was detect-
sistent with the previous observations (30), our present results ~ able in ADR-treated knockdown cells, which might be due to
strongly suggest that U20S cells undergo apoptotic cell death  the pro-apoptotic effect of the remaining p53 and/or the other
in a p53-dependent manner. To further confirm this issue, we  p53 family members such as p73 (31). Taken together, U20S
have performed siRNA-mediated knockdown of the endoge-  cells underwent apoptotic cell death at least in part in a p53-de-
nous p53in U20S cells. U20S cells were transiently transfected ~ pendent manner.
with the empty plasmid or with the expression plasmid for Because there existed a clear correlation between ADR-de-
siRNA against p53. Forty eight hours after transfection, total ~pendent phosphorylation of p53 at Ser-15 and transcriptional
RNA was prepared and subjected to RT-PCR. As clearly shown  induction of RUNX3, it is likely that RUNX3 could be one of the
in Fig. 24, the amounts of the endogenous p53 significantly ~ direct target genes of p53. To address this issue, U20S cells
reduced in the presence of siRNA against p53 under our exper-  were transiently transfected with the empty plasmid or with the
imental conditions. Next, the knocked down cells were treated  expression plasmid for p53. As shown in Fig. 2D, forced expres-
with ADR or left untreated. Forty eight hours after ADR treat- sion of p53 resulted in a significant induction of BAX, whereas
ment, whole cell lysates were prepared and analyzed by immu-  the expression levels of the endogenous RUNX3 remained
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exposed to ADR. As shown in Fig.
4A, the endogenous RUNX3 was co-
immunoprecipitated with stress-in-
duced p53 in U20S cells. In
accordance with these results, the
anti-RUNX3  immunoprecipitates
contained the endogenous p53. Simi-
lar results were also obtained in over-
expression systems and in vitro pull-
down assay (supplemental Fig. S2).
Interestingly, RUNX3 was associ-
ated with another p53 family mem-
ber p73 but not with p63 as exam-
ined by co-immunoprecipitation
analysis (supplemental Fig. S3).

To identify essential region(s) of
p53 required for interaction with
RUNX3, we carried out in vitro pull-

DAPI

down assay using the indicated dele-
+ tion mutants of p53 (Fig. 4B). Wild-

type p53 and p53(102-393) were
efficiently co-immunoprecipitated

with RUNX3, whereas p53(1-353),
p53(1-292), and p53(1-101) were

A
ADR RUNX3 p53 Merge
(0.5 uM)
+
+
B Nucleus Cytoplasm
ADR (1 uM) - + -
RUNX3 —
Lamin B ————
a-tubulin

not, suggesting that its extreme
COOH-terminal region is required

FIGURE 3. ADR-mediated nuclear translocation of RUNX3. A, indirect immunofluorescent staining. U20S
cells were transiently transfected with the expression plasmid for RUNX3. Twenty four hours after transfection,
cells were treated with ADR or left untreated. Forty eight hours after ADR treatment, cells were simultaneously
stained with anti-RUNX3 and anti-p53 antibodies. Cell nuclei were stained with DAPI. Lower panels show
negative control experiments without primary antibodies. Merged images indicate nuclear co-localization
of RUNX3 with p53 in the presence of ADR. B, immunoblotting. U20S cells were transiently transfected as
in A. Twenty four hours after transfection, cells were treated with ADR or left untreated. Forty eight hours
after ADR treatment, cells were biochemically fractionated into nuclear and cytoplasmic fractions. Each
fraction was subjected to immunoblotting with anti-RUNX3 antibody (top panel). Samples were immuno-
blotted with anti-lamin B (middle panel) or with anti-a-tubulin antibody (bottom panel) to show the purity

of each fraction.

unchanged even in the presence of the exogenously expressed
p53. To further confirm these results, we performed
siRNA-mediated knockdown of the endogenous p53. As seen in
Fig. 2E, a significant down-regulation of BAX was detectable in
p53-knocked down cells, whereas siRNA-mediated knocking
down of p53 had an undetectable effect on the expression levels
of the endogenous RUNX3. Thus, it is conceivable that RUNX3
might not be a direct target gene of p53. Indeed, we failed to find
out the putative p53-responsive element within the 5'-up-
stream region (~1 kb) of human RUNX3 gene. At present, the
precise molecular mechanisms behind ADR-mediated up-reg-
ulation of RUNX3 remained to be elusive.

Interaction between RUNX3 and p53 in Cells—It has been
shown that nuclear translocation of RUNX3 plays a critical role
in the regulation of apoptotic cell death (16, 17). Our indirect
immunofluorescence staining and biochemical fractionation

experiments revealed that RUNX3 is induced to translocate’

from the cytoplasm into the cell nucleus in response to ADR
and co-localizes with p53 (Fig. 3, A and B), suggesting that
RUNX3 might form a complex with p53 in cells.

To further confirm this issue, we performed co-immunopre-
cipitation analysis using cell lysates prepared from U20S cells
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for the interaction with RUNX3. We
also defined region(s) of RUNX3
essential for the interaction with p53
(Fig. 4C). Wild-type RUNX3 but not
RUNX3(1-198) and RUNX3(1-67)
was co-immunoprecipitated with
p53, indicating that COOH-terminal
region of RUNX3 is required for the
complex formation with p53.

RUNX3 Acts as a Co-activator for
p53—To further examine the functional significance of the
interaction between RUNX3 and p53, we performed luciferase
reporter assays. As shown in Fig. 54, RUNX3 had an ability to
enhance p53-mediated luciferase activities driven by p21™4*”
and BAX promoters in a dose-dependent manner. In a good
agreement with these observations, RUNX3 increased p53-de-
pendent expression of the endogenous p21¥4*!, PUMA, and
BAX as examined by RT-PCR (Fig. 5B), indicating that RUNX3
acts as a co-activator for p53. We then asked whether RUNX3
could affect p53-dependent apoptotic cell death. Co-expres-
sion of p53 with RUNX3 resulted in a remarkable reduction
in number of drug-resistant colonies as compared with cells
expressing p53 alone (Fig. 5C). Furthermore, a number of
GFP-positive cells with apoptotic nuclei increased in U20S
cells expressing RUNX3 relative to control transfectants,
whereas forced expression of RUNX3 increased the number
of apoptotic cells to a significantly lesser degree in p53-defi-
cient H1299 cells (Fig. 5D). Thus, it is likely that RUNX3
enhances both transcriptional and pro-apoptotic activities
of p53.

Based on our present results, it is likely that the regulation
of DNA damage-mediated phosphorylation of p53 at Ser-15
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FIGURE 4. Physical interaction between RUNX3 and p53 in cells. A, endogenous interaction between RUNX3 and p53. Lysates prepared from ADR-treated
U205 cells were immunoprecipitated (IP) with mouse normal serum (NMS) or with anti-p53 antibody followed by immunoblotting with anti-RUNX3 antibody
(right panel). 1/20 of inputs are shown in left panel. Reciprocal experiments are also shown in right panel. 8 and C, COOH-terminal regions of both proteins are
required for their interactions. The indicated radiolabeled p53 derivatives were incubated with lysates prepared from COS7 cells expressing RUNX3 and
immunoprecipitated with anti-RUNX3 antibody followed by autoradiography (B). The indicated radiolabeled RUNX3 derivatives were incubated with lysates
prepared from COS7 cells and were subjected to immunoprecipitation with anti-p53 antibody followed by autoradiography (). wt, wild type; TA, transacti-

vation domain; DB, DNA-binding domain; OD, oligomerization domain.

is a major role of RUNX3. To gain molecular insights into
understanding how RUNX3 could affect DNA damage-me-
diated phosphorylation of p53 at Ser-15, we examined
whether ATM could have functional relevance to RUNX3.
As shown in Fig. 64, RUNX3 induced proteolytic cleavage of
PARP and phosphorylation of p53 at Ser-15 in U20S cells,
indicating that RUNX3 might have an ability to promote
phosphorylation of p53 at Ser-15, and thereby enhancing the
transcriptional and pro-apoptotic activities of p53. Next, we
have examined whether RUNX3 could interact with phos-
phorylated forms of ATM. To this end, HeLa cells were tran-
siently transfected with the expression plasmid for RUNX3
and exposed to ADR. As shown in Fig. 6B, the anti-RUNX3
immunoprecipitates contained phosphorylated forms of
ATM. These results imply that RUNX3 forms a complex
with phosphorylated forms of ATM in response to ADR. To
further investigate the functional relationship between
RUNX3 and ATM, we employed wild-type and ATM-null
A-T cells. As shown in Fig. 6C, the exogenous RUNX3
enhanced the phosphorylation of p53 at Ser-15, which was
further augmented in wild-type cells but not in A-T cells
exposed to ADR. Of note, the exogenous RUNX3 had an
ability to enhance the ADR-mediated phosphorylation level
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of p53 at Ser-15. These results suggest that RUNX3 recruits
phosphorylated forms of ATM onto p53 and thereby induces
ATM-dependent phosphorylation of p53 at Ser-15 after
DNA damage.

These findings prompted us to ask whether RUNX3 could
affect the extent of ADR-mediated DNA damage. For this pur-
pose, U20S cells were transiently transfected with control
siRNA or with siRNA against RUNX3 and exposed to ADR or
left untreated. Twenty four hours after the treatment, total
RNA and nuclear lysates were prepared and subjected to RT-
PCR and immunoblotting, respectively. As shown in Fig. 7,
ADR-mediated up-regulation of the endogenous RUNX3 in
cells transfected with control siRNA was detectable, and
siRNA-mediated knocking down of the endogenous RUNX3
was successful under our experimental conditions. Consistent
with the previous observations (32), immunoblot analysis
revealed that the expression levels of total ATM remain
unchanged regardless of DNA damage. Of note, knocking down
of the endogenous RUNX3 had a marginal effect on the phos-
phorylation levels of ATM in response to ADR; however, we did
not observe a significant difference of ADR-dependent accu-
mulation of yH2AX (the phosphorylated form of histone
H2AX) between control cells and RUNX3-knocked down cells,
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FIGURE 5. RUNX3 acts as a co-activator for p53. A and B, RUNX3 enhances p53-mediated transcriptional activation. p53-deficient human lung carcinoma-
derived H1299 cells were transiently co-transfected with a constant amount of p53 expression plasmid, the luciferase reporter construct bearing p53-
responsive element derived from human p21%4*" or BAX promoter and Renilla luciferase plasmid together with or without the increasing amounts of RUNX3
expression plasmid. Forty eight hours after transfection, cells were lysed, and their luciferase activities were measured A. H1299 cells were transiently trans-
fected with the constant amount of the expression plasmid for p53 along with or without the increasing amounts of the expression plasmid encoding RUNX3.
Forty eight hours after transfection, total RNA was prepared and processed for RT-PCR. GAPDH was used as an internal control. C and D, RUNX3 enhances
pro-apoptotic activity of p53. H1299 cells were transfected with the indicated combinations of expression plasmids. Forty eight hours after transfection, cells
were transferred into fresh medium containing G418 at a final concentration of 800 ng/ml. Two weeks after the selection with G418, drug-resistant colonies
were stained with Giemsa solution (C). U20S and H1299 cells were transiently transfected with a constant amount of GFP expression plasmid together with or
without the increasing amounts of RUNX3 expression plasmid. Forty eight hours after transfection, a number of GFP-positive cells with apoptotic nuclei was
measured (D).

suggesting that RUNX3 does not affect the extent of DNA with the clinical outcome of patients with lung
damage. adenocarcinoma.
Clinical Significance—We next examined whether p53
DISCUSSION

inactivation and decreased expression of RUNX3 could

affect clinical prognosis of human cancer. For this purpose,
we selected 105 patients with lung adenocarcinoma, in
which p53 mutations and its transcriptional silencing have
been described (33). As shown in Fig. 8, long term cumula-
tive survival rates were significantly decreased in the combi-
nation of pS3 mutation and low expression of RUNX3 (p =
0.0203). Notably, the combined p53 mutation and decreased
expression of RUNX3 were found in 25 patients in stages II to
IV cancer (93%) compared with only 2 in stage I cancer (7%)
(Fig. 7, p = 0.0018). These results suggest that functional
interaction between RUNX3 and p53 might be associated
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To our knowledge, it remained unclear whether and how
RUNX3 could be involved in the regulation of DNA damage
response. In this study, we have found for the first time that
RUNX3 modulates DNA damage-induced phosphorylation of
tumor suppressor p53 at Ser-15 and thereby acting as a co-

“activator for p53. Thus, our present findings provide a novel
insight into understanding the molecular mechanisms behind
p53-dependent apoptotic cell death in response to DNA
damage.

Under our experimental conditions, siRNA-mediated silenc-
ing of the endogenous RUNX3 strongly inhibited apoptotic cell
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by phospho-ATM, marks a chroma-
tin region at or near the sites of
DNA damage (35). According to our
present results, RUNX3 had a mar-
ginal effect on ADR-mediated phos-
phorylation level of ATM, whereas
RUNX3 had an undetectable effect
on the amounts of yH2AX in
response to ADR, indicating that
RUNX3 is not involved in the initial
step of DNA damage response and
also does not affect the extent of
DNA damage. It is worth noting
that phosphorylated forms of ATM
are associated with RUNX3 as
examined by immunoprecipitation
experiments. Thus, it is likely that
RUNX3 assists DNA damage-in-
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duced phosphorylation of p53 at
Ser-15 through complex formation
with phosphorylated forms of ATM
and enhances transcriptional as well
as pro-apoptotic activity of p53,
although Khanna et al. (36) reported

p53(Ser-15)

that ATM directly binds to and
phosphorylates p53 at Ser-15.

As described previously (15, 37),

p53

RUNX3

RUNX3 had an ability to increase
the expression levels of p21%AF!
and pro-apoptotic Bim in col-
laboration with the activated Smad

Actin

proteins during TGF-B-mediated
apoptotic cell death. In addition,

FIGURE 6. RUNX3 induces phosphorylation of p53 at Ser-15 in an ATM-dependent manner. A, RUNX3
induces phosphorylation of p53 at Ser-15. U20S cells were transiently transfected with or without increasing
amounts of RUNX3 expression plasmid. Forty eight hours after transfection, lysates were prepared and ana-
lyzed by immunoblotting with the indicated antibodies. B, RUNX3 interacts with phosphorylated forms of ATM.
Lysates prepared from HeLa cells exposed to ADR at a final concentration of 1 um were immunoprecipitated (IP)
with normal rabbit serum (NRS) or with polyclonal anti-RUNX3 antibody followed by immunoblotting with
anti-phospho-ATM antibody. C, RUNX3 enhances ADR-mediated phosphorylation of p53 at Ser-15. Wild-type
(WT)and ATM-deficient A-T cells were transiently transfected with or without RUNX3 expression plasmid in the
presence or absence of ADR at a final concentration of 1 um. Lysates were subjected to immunoblotting with

the indicated antibodies.

death in response to ADR in cells bearing wild-type p53 but not
in p53-deficient cells. Of note, knocking down of the endoge-
nous RUNX3 led to a significant inhibition of ADR-mediated
phosphorylation of p53 at Ser-15 in association with a massive
inhibition of p53-dependent up-regulation of several p53-tar-
get genes as well as proteolytic cleavage of PARP. Furthermore,
RUNX3 was induced and translocated from the cytoplasm into
the cell nucleus in response to ADR. Consistent with these
observations, forced expression of RUNX3 promoted phos-
phorylation of p53 at Ser-15 and proteolytic cleavage of PARP,
suggesting that RUNX3 contributes to the regulation of DNA
damage-induced phosphorylation of p53 at Ser-15.

It has been established that DNA damage-mediated phos-
phorylation of ATM is an early event in transducing DNA dam-
age signal (34). After the phosphorylation of ATM, the phos-
phorylated form of histone H2AX (yH2AX), which is mediated
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p300-mediated  acetylation  of
RUNX3 resulted in an increase in
its stability (15). So far, RUNX3
has been implicated in carcino-
genesis as a nuclear effecter of
TGEF-B tumor suppressor pathway
(14, 15) and as an attenuator of
oncogenic Wnt signaling pathway
(21). We found the third RUNX3-
mediated pro-apoptotic pathway that includes functional
interaction between RUNX3 and p53. These pathways might
be chosen under certain conditions in the tissue- or lineage-
specific progenitor or stem cells to suppress their malignant
transformation.

Based on our present results, RUNX3 was able to enhance the
transactivation and pro-apoptotic activities of p53. Indeed,
RUNX3 enhanced the p53-mediated up-regulation of p21 %47,
BAX, and PUMA. Our extensive immunoprecipitation and in
vitro pulldown assays revealed that the extreme COOH-termi-
nal portion of p53 is required for the interaction with RUNX3.
Initial studies suggest that the COOH-terminal region of p53
acts as a negative regulator and might lock its DNA-binding
domain in a latent conformation (38, 39). However, this model
has been challenged by the findings showing that stress-in-
duced acetylation of COOH-terminal Lys-373 and Lys-382 of
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p53 is required for the transcriptional activity of p53 (40). Addi-
tionally, this COOH-terminal acetylation resulted in an inhibi-
tion of p53 ubiquitination (40). Furthermore, McKinney et al.
(41) described that the COOH-terminal region of p53 might
facilitate the search for specific target sequences in the context

ADR (1 pM) - +

siRNA

Anti-phospho-ATM

Anti-ATM | s ot i .w.w-cl

Anti-yH2AX | mm|

Anti-Lamin B

RUNX3

FIGURE 7. Effect of silencing of RUNX3 on ADR-mediated phosphoryla-
tion of ATM and histone H2AX. U20S cells were transiently transfected with
control siRNA or with siRNA targeting RUNX3. Twenty four hours after trans-
fection, cells were treated with 1 um ADR or left untreated. Twenty four hours
after ADR treatment, nuclear lysates and total RNA were subjected to immu-
noblotting and RT-PCR, respectively. For immunoblotting, lamin B was used
as a loading control. For RT-PCR, GAPDH was used as an internal control.

of a complex genome. These results indicate that the COOH-
terminal region of p53 is a positive regulator of DNA binding
and transactivation. In support of this notion, COOH-termi-
nally truncated splice variant, p53, lacked the transactivation
function (42, 43). It remains unclear how RUNX3 could con-
tribute to the activation of p53 through its binding to the
COOH-terminal region of p53. Further studies should be
required to address this issue.

Another important finding of this study was that RUNX3
affects the phosphorylation status of p53, whereas RUNX3 has
undetectable effect on its stability. Based on our present results,
siRNA-mediated knockdown of the endogenous RUNX3 and
forced expression of RUNX3 had a negligible effect on the sta-
bility of p53. However, RUNX3 enhanced the p53-mediated
transcriptional and pro-apoptotic activities. Although the
accumulating evidence strongly suggests that DNA damage-
induced accumulation and phosphorylation of p53 correlates
with a significant increase in its activity (20), it is conceivable
that DNA damage-induced stabilization of p53 might be a
distinct phenomenon from DNA damage-mediated phos-
phorylation at Ser-15 and activation of p53 in certain exper-
imental systems. In support of this notion, Ashcroft et al.
(29) demonstrated that DNA damage-induced stabilization
of p53 is observed irrespective of its phosphorylation status.

As described previously (15), TGF-B treatment led to a
nuclear translocation of RUNX3 and induced apoptotic cell
death through the transactivation of pro-apoptotic Bim. In a

" good agreement with these observa-
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tions, RUNX3 was inactivated
through its mislocalization to cyto-
plasm (17, 18). Under our experi-
mental conditions, exogenously
expressed RUNX3 was localized
both in the cytoplasm and cell
nucleus in the absence of DNA
damage as examined by indirect
immunofluorescence staining and

40 : n= 19 immunoblotting experiments. It
. — was worth noting that ADR treat-
30 - o ) o
n= ment induces a significant nuclear
20 Log-rank test translocation of RUNX3 and
10 P= 0.0203 RUNX3 is co-localized with p53 in
cell nucleus. Collectively, our pres-
0 ent study strongly suggests that
0 1 2 3 4 5 6 7 8 9 .
) ) RUNX3 contributes at least in part
Yours: giter diagnosis to p53-mediated apoptotic cell
death in response to DNA damage
Stage p53wt/ RUNX3(H) p53wt/ RUNX3(L) p53mt/ RUNX3(H) p53mt/ RUNX3(L) through the regulation of p53 phos-
! 18 (53 %) 11 (44 %) 9 (47 %) 2 (7%) phorylation at Ser-15.
In addition, our clinical study
-V 16 (47 %) 14.(56 %) 10 (53 %) 25 (93 %) using primary human lung adeno-
carcinoma tissues suggested that

Fisher’s exact test, P= 0.0018; wt: wild-type, mt: mutant, H: high expression, L: low expression

FIGURE 8. Combination of p53 mutation and low expression levels of RUNX3 is associated with poor
prognosis of patients with lung adenocarcinoma. Cumulative survival curves of 105 patients with lung
adenocarcinoma based on wild-type p53 (p53wt) or mutant (p53mt) and high (H) or low (L) expression of RUNX3
analyzed by a quantitative real time RT-PCR (top) are shown. Number of patients divided by p53 status and
expression levels of RUNX3 was categorized based on the clinical stage (I or II-V) of the patient (bottom). p

values were calculated according to the indicated statistical analysis.
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patients with low expression of
RUNX3 and p53 mutation display
the poor prognosis. Thus, it is likely
that the RUNX3/p53 pro-apoptotic
pathway might be disrupted in the
advanced stages of lung adenocarci-
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noma. Further precise understandings of molecular mecha-
nisms behind the collaboration of RUNX3 with p53 may pro-
vide a clue for developing novel diagnostic tools and
therapeutic strategies against high risk cancers.
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High expression of LMO3 contributes to the development and aggressiveness of neuroblastoma. LMO3
belongs to the LIM-only protein family, in which de-regulation of its members is implicated in human
carcinogenesis. However, the molecular mechanism of LMO3 activity in oncogenesis remained poorly
characterized. We found that LMO3 is a direct interacting partner of p53 both in vitro and in vivo. The
DNA-binding domain of p53 is required for this interaction. Furthermore, expression of LMO3 repressed
p53-dependent mRNA expression of its target genes by suppressing promoter activation. Interestingly,
chromatin immunoprecipitation assay showed that LMO3 facilitated p53 binding to its response ele-
ments. This suggests that LMO3 acts as a co-repressor of p53, suppressing p53-dependent transcriptional
regulation without inhibition of its DNA-binding activity.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Cancer is predominantly a genetic disease. Alterations in genes
controlling cell growth, survival and apoptosis are most commonly
implicated in carcinogenesis. Our knowledge of cancer biology and
medicine is currently increasing at an exponential rate, yet the
transition to clinical applications is progressing much slower.
Therefore, new targets and pathways need to be identified, partic-
ularly those having clinical significance and with the potential for
specific and novel therapeutic applications at the bedside. Neuro-
blastoma is one of the most common childhood cancers and is orig-
inated from sympathoadrenal lineage of the neural crest [1]. The
bulk of sporadic neuroblastomas are detected at advanced stage
with poor survival rates of less than 40%, despite intensive multi-
mode therapy [2]. Often, initial therapy appears effective but is fre-
quently followed by the appearance of drug resistance, with fre-
quent acquisition of p53-mutations.

The tumor suppressor p53 is one of the key tumor suppressors
protecting against cancer and genetic abnormalities, with muta-
tions in over half of all human cancers [3]. In fact, the bulk of
p53 mutations occur in the DNA-binding domain affecting the abil-
ity of p53 to act as an effective transcription factor [4]. High levels
of p53 mRNA are described for neuroblastoma cell lines, yet p53
mutations are reported in less than 2% of neuroblastomas com-
pared with up to 60% in other cancers. p53 is thought to be inacti-
vated by alternative mechanisms. In fact, the subject of p53

* Corresponding author. Address: Division of Biochemistry and Innovative Cancer
Therapeutics, Chiba Cancer Center Research Institute, 666-2 Nitona, Chuou-ku,
Chiba 260-8717, Japan. Fax: +81 43 265 4459.
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inactivation is one of the most controversial topics in neuroblas-
toma research [5].

The nuclear LIM-only proteins consist of four members, LMO1,
LMO2, LMO3, and LMO4. They are twin LIM-domain containing
proteins that mediate protein-protein interactions, which can bind
to transcription factors forming a DNA-binding complex. Despite
strong links with transcriptional regulation, no DNA-binding activ-
ity has been found. They demonstrated decisive roles in distinct
developmental pathways and that de-regulation of their expres-
sion is linked to oncogenesis [6-8]. De-regulation of LIM-only-pro-
tein family members have been implicated in various cancers.
Transgenic mice for the founding members, LMO1 and LMO2,
developed immature and aggressive T-cell leukemia [9]. The more
recently discovered LMO-family member, LMO4, is implicated in
the cause and progression of human breast cancers [10], sqaumous
cell carcinomas of the oral cavity [11] and primary prostate cancers
[12]. LMO3 binding to its interacting partners is involved in cell
fate determination of the sympathoadrenal lineage and is closely
related to development of neuroblastoma [6,13,14]. Double knock-
out mice for LMO1 and LMO3 demonstrated a lethal phenotype [6].
Bao et al. [13] reported the cooperation of Xenopus HEN1 with
XLMO3 as a critical regulator of neurogenesis. In the case of
LMO1, the LIM domain shares 98% homology with LMO3
[6.14,15) and demonstrates redundancy in murine in vivo studies,
in which double mutants of LMO1 and LMO3 transgenic mice
exhibited perinatal death. Whereas, single mutants of either of
these genes developed with an apparently normal phenotype [6].
Additionally, several oncogenic characteristics arising from LMO3
expression have been identified, both in vitro and in vivo. These in-
clude increased cell proliferation in normal and low serum condi-
tions, colony formation in soft agar and rapid tumor growth in
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nude mice of SH-SY5Y cells stably expressing LMO3 [14]. High lev-
els of LMO3 mRNA were found in aggressive neuroblastomas with a
poor prognosis as compared with more favorable subtypes [14]. In
our previous report, analysis of cDNA libraries from different sub-
sets of neuroblastoma and cloning of 4200 genes identified LMO3
as being differentially expressed in neuroblastoma [15]. Clinical
studies revealed that low expression of LMO3 correlated with a
favorable probability of survival and high expression with a much
poorer prognosis [14].

The molecular mechanisms of LMO3 activity in oncogenesis re-
main poorly characterized and the potential for inhibition of tumor
suppressors has not been investigated to date. The novel finding
presented here is that LMO3 can function as an oncogene by bind-
ing to and inhibiting the key tumor suppressor p53, which results
in reduced transcription of apoptosis-related genes.

Materials and methods

Cell lines and transfection assays. Small cell lung carcinoma,
H1299 and African green monkey, COS-7 mammalian cells were
maintained at 37 °C/5% CO, in either RPMI 1640 or DMEM supple-
mented with 10% heat inactivated fetal bovine serum, 100 IU/ml
penicillin and 100 pg/ml streptomycin. Where indicated, cells were
transfected using either LipofectAMINE 2000 (Invitrogen, CA, USA)
or FuGene HD (Roche Applied Science, IN, USA) transfection re-
agents according to manufacturer recommendations. Total amount
of transfected plasmid DNA was adjusted to constant levels with
empty parental pcDNA3 plasmid (Invitrogen).

Immunoprecipitation and GST-pull down assays. Immunoprecipi-
tation was essentially performed as in [16] using anti-p53 (DO-1,
Calbiochem, CA, USA; pab1801, Santa Cruz Biotechnology, CA,
USA) monoclonal antibodies; or anti-flag tag (M2; Sigma, MI,
USA) monoclonal antibody. Immunoprecipitated proteins were re-
solved by SDS-PAGE and detected by immunoblotting.

For the in vitro GST-pull down experiments, plasmid constructs
encoding the p53 deletion mutants, p53 (1-359), p53 (1-292), p53
(1-102) and p53 (102-393) were used to create the respective
[35S]-methionine labeled proteins by an in vitro coupled transcrip-
tion/translation system (Promega, WI, USA). GST only or GST-
LMO3 fusion protein was produced by induction with isopropyl
B-p-1-thiogalactopyranoside (IPTG) and expression in bacteria
and purified with Glutathione Sepharose beads. Expression effi-
ciency and purification was checked by Coomassie Brilliant Blue
R-250 (CBB) staining and western blot analysis. Approximately
equimolar amounts (determined by SDS-PAGE) of GST or GST-
LMO3 fusion proteins were immobilized on glutathione-Sepharose
beads and incubated with in vitro translated p53 deletion mutants,
essentially as described in [17]. The bound [33S]-methionine la-
beled proteins were resolved by 12% SDS-PAGE, incubation with
Amplify (Amersham, Chalfont, UK) enhancer reagent and detected
by autoradiography.

Semi-quantitative RT-PCR. Total RNA was isolated and purified
from cultured cells using the RNeasy kit (Qiagen, Hilden, Ger-
many). The RNA concentration was calculated and equal amounts
were reverse transcribed using SuperScript Il reverse transcriptase
and random primers (Invitrogen). The resultant cDNA was subject
to PCR-based amplification with gene-specific primers (sequences
are available on request).

Indirect immunofluorescence. H1299 cells were grown on sterile
coverslips 1 day prior to transfection with p53 and FLAG-LMO3
expression constructs, then slides prepared for immunofluores-
cence microscopy as described in [18]. Cells were incubated with
a mixture of polyclonal anti-FLAG epitope and monoclonal anti-
p53 (DO-1; Calbiochem) primary antibodies and fluorescein isothi-
ocyanate- (FITC) or Rhodamine-conjugated secondary antibodies.
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Cover slips were mounted onto glass slides using 4,6-diamidino-
2-phenylindole dihydrochloride (DAPI) containing Vector Shield
mounting medium (Vector Laboratories, CA, USA) and imaged
using fluorescence microscopy and Image Ready Easy software.

Luciferase gene reporter assay. H1299 cells plated in a 12-well
plate were allowed to adhere overnight and then transfected with
indicated reporter constructs and Renilla luciferase by Lipofect-
AMINE 2000 (Invitrogen). Total amount of transfected DNA was
kept constant with empty pcDNA3 plasmid. Both Renilla and firefly
luciferase activity were assayed at 36 h post-transfection using the
dual-luciferase reporter assay system (Promega). Firefly gene re-
porter activity was calculated relative to Renilla luminescence.

Chromatin immunoprecipitation. Chromatin immunoprecipita-
tion assays were performed using reagents and the protocol pro-
vided by Upstate Biotechnology (NY, USA), with the modification
that purification of de-crosslinked DNA was performed using QIA-
quick PCR purification kit (Qiagen). Purified DNA was analyzed by
PCR-based amplification of p53 responsive elements of p21, bax,
and puma promoters using the specific primers as follows: p21,
5'-gagccteectecateectat-3' (forward), 5'-ctgetgeccaagceatgtte-3' (re-
verse); bax, 5'-cggtagctcatgcctgtaatce-3' (forward), 5'-aacttgtgagec-
caagagataacc-3' (reverse);, puma, 5'-gccttgtgtctgtgagtacatcct-3'
(forward), 5'-gttccagggtccacaaagtca-3' (reverse).

Immunoblotting and antibodies. Equivalent amounts of protein
lysates normalized to actin levels were separated by SDS-PAGE,
transferred to a polyvinylidene fluoride membrane (Millipore,
MA, USA). The membrane was probed with anti-p53 (DO-1; Calbio-
chem), anti-phospho ser 15 p53 (Cell Signalling Technology, MA,
USA) anti-FLAG tag (M2; Sigma), anti-HA tag (6E2; Cell Signalling
Technology), anti-actin (Sigma), anti-PARP (Cell Signalling Tech-
nology) antibody followed by incubation with horseradish peroxi-
dase conjugated goat anti-mouse or anti-rabbit secondary
antibody (Cell Signalling Technology). Immunoblots were visual-
ized by enhanced chemoluminescence reagents (Amersham) and
exposed to X-ray film.

Results

Physical interaction between LMO3 and the DNA-binding domain of
p53

LMO3 was previously described as an oncogene in neuroblas-
toma [14] and mutations of p53 are rarely found in this childhood
cancer. However, the p53 tumor suppressor is thought to be inac-
tivated by alternative pathways. Furthermore, binding to and inhi-
bition of tumor suppressors are reported for other LIM-only
protein family members. Additionally, LIM-only proteins are in-
volved in protein-protein interactions and known to act as cofac-
tors in DNA-binding complexes. Considering these facts, we
examined a potential relationship between LMO3 and the p53
pathway. Towards this aim, we used indirect immunofluorescence
to identify the subcellular distributions of LMO3 and p53 (Fig. 1A).
LMO3 protein (green) was predominantly localized in the cell nu-
cleus (blue), indicating that LMO3 is principally a nuclear protein
when expressed in p53-null H1299 cells. Merged images of
LMO3 and p53 (red) staining revealed co-localization in the cell
nucleus. These observations suggested a possible association of
LMO3 with p53 in the cell nucleus.

Leading on from the co-localization experiments, in vitro and
in vivo binding studies were performed (Fig. 1B-1E). Cell lysates
prepared from H1299 cells co-transfected with p53 and LMO3
were subjected to immunoprecipitation with either an anti-FLAG
(1B; left panel) or an anti-p53 (Fig. 1B; right panel). Immunopre-
cipitated proteins were detected by immunoblotting with anti-
p53 and anti-FLAG antibodies, respectively. This suggests that
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Fig. 1. Direct physical interaction of p53 and LMO3, requiring the DNA-binding domain of p53. (A) Co-localization of p53 and LMO3 in H1299 cells by indirect-
immunofluorescence. Cells were transfected with p53 and FLAG-LMO3 expression vectors, and then incubated with a combination of anti-p53 (red) and polyclonal anti-FLAG
(green) antibodies. The nuclei were visualized by DAPI staining (blue). (B) Either anti-FLAG (left panel) or anti-p53 (right panel) antibodies were used to prepare
immunoprecipitates from H1299 cells co-transfected with p53 and FLAG-LMO3. These cells were treated with 10 pM MG132 8 h prior to harvest. Co-immunoprecipitated
proteins were analyzed by western blotting. (C) Co-immunoprecipitation of endogenous p53 with FLAG-LMO3 antibody. (D) Schematic representation of p53 domain
structures and deletion mutants used in this study. Amino acid residues are indicated by numbers. TAD, transactivation domain: DBD, DNA-binding domain: NLS, nuclear
localization; OD, oligomerization domain; CTD, C-terminal regulatory domain. (E) p53 binding domain determination by in vitro GST-pull down assay. In vitro binding assay
using translated 23S labeled full length and deletion mutants of p53 are shown; input (left panel); pulldown with GST-LMO3 (right panel).

p53 and LMO3 proteins can physically interact, indicating the
capacity of LMO3 to form a stable association with p53 in cells.

To confirm the binding of LMO3 with endogenous p53, whole
cell lysate prepared from COS-7 cells transfected with FLAG-
LMO3 was immunoprecipitated with anti-FLAG antibody (Fig. 1C)
and then immunoblotted with anti-p53 antibody. Immunocom-
plexes containing endogenous p53 protein could be detected in
anti-FLAG antibody immunoprecipitates for COS-7 cells expressing
FLAG-tagged LMO3. Immunoprecipitation of cell lysates with nor-
mal mouse IgG did not contain LMO3 or p53. In these experiments,
LMO3 could co-immunoprecipitate with p53, demonstrating a
physical interaction between these two proteins in cells.

To examine this physical interaction in detail, we determined
the essential region(s) of p53 responsible for this interaction. We
carried out in vitro binding studies using recombinant p53 proteins
constructed with a series of deletions [16], depicted in Fig. 1D.
These constructs contain deletion of the C-terminal regulatory do-
main (CTD), nuclear localization domain (NLS), oligomerization do-
main (OD), DNA-binding domain (DBD) or transcriptionally active
domain (TAD). The GST-LMO3 bead complex was incubated with
radiolabeled p53 deletion mutants, generated by an in vitro tran-
scription/translation system in the presence of [**S]-methionine
(Fig. 1E; left panel). GST-LMO3 could pull down all of the p53 dele-
tion mutants, with the exception of p53 (1-102). This result im-
plies that the region between amino acid residues 102 and 292
of p53 (DBD) is required for the physical interaction with LMO3

(Fig. 1E; right panel), suggesting that LMO3 directly binds to the
DNA-binding domain of p53.

LMO3 demonstrates repressor activity on p53-mediated
transcriptional activation

The functional significance of this LMO3-p53 interaction was
investigated by assessing the ability of p53 to activate its target
gene expression. Detection of endogenous mRNAs by RT-PCR was
used to assess the effect of LMO3 expression on the transcriptional
ability of p53 (Fig. 2A). H1299, a p53-null cell line, was co-transfec-
ted with constant amount of p53 expression plasmid and increas-
ing amount of LMO3 plasmid. Expression of LMO3 repressed p53-
mediated induction of its target genes, such as p21"4F!, Noxa, Bax,
and Puma. Endogenous mRNAs were repressed in a dose-depen-
dent manner by co-expression of LMO3 (Fig. 2A). Constant expres-
sion of p53 and dose dependent expression of LMO3 were
confirmed by RT-PCR. To further confirm this transcriptional
repression, we utilized a firefly/Renilla luciferase gene reporter as-
say to analyze promoter activation of p53 target genes. Luciferase
gene reporter constructs possessing the p21"AF, Bax, or Mdm2 pro-
moter regions were transfected into H1299 cells, together with or
without increasing amounts of FLAG-LMO3 expression plasmid
and a constant amount of p53. Enforced Plk1 expression was pre-
viously reported to inhibit the transcriptional activity of p53 [16]
and therefore used to verify our results. As indicated in Fig. 2B,
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Fig. 2. LMO3 inhibits the transcriptional ability of p53. (A) mRNA levels of p53
target genes following p53 overexpression in p53-deficient H1299 cells, with co-
expression of an increasing amount of LMO3 plasmid. Total RNA was extracted and
subjected to RT-PCR analysis of Noxa, Bax, p21"A* and Puma; detection of GAPDH
was used as a loading control. (B) Luciferase gene reporter assay of p21¥A"!, Bax and
Mdm2 promoter regions. H1299 cells were transiently transfected with the
indicated combination of p53 and increasing LMO3 plasmid. Results are the mean
of three independent experiments + standard deviation.

p53-mediated activation of p21WAF!, Bax, and Mdm2 promoter re-
gions was reduced by co-expression of FLAG-LMO3 when com-
pared to transfection of p53 alone. Therefore, both endogenous
mRNA transcription and activation of p53-responsive promoter
elements were reduced upon co-expression with LMO3. These
findings signify that LMO3 acts as a co-repressor of p53, suppress-
ing p53-mediated transcriptional regulation.

Promoter recruitment of p53 is affected by LMO3

We attempted to clarify the mechanism by which LMO3 re-
presses p53-mediated gene activation. For this, we employed ChIP
assays to characterize the recruitment of p53 onto p53-response
elements in the p21, Bax and Puma promoters. Both p53 and
LMO3 proteins could be expressed in H1299 cells, detected by wes-
tern blot (Fig. 3A). This experimental system revealed that specific
recruitment of exogenously expressed p53 onto the promoters of
p21, Bax, and Puma genes in the presence or absence of HA-
LMO3 (Fig. 3B). The specificity of the anti-p53 antibody to precip-
itate p53 bound chromatin is shown by the lack of PCR product in
the absence of p53, LMO3 only transfection, and ChIP with normal
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mouse IgG. The effect of LMO3 on p53 recruitment to these regions
appears to be promoter specific, as a clear increase in recruitment
of p53 to the p21 promoter was observed when LMO3 was present
in cells. A similar tendency at Bax and Puma promoters was ob-
served to a lesser extent.

Discussion

LMOS3 can act as an oncogene by promoting cell survival when
highly and abnormally expressed in neuroblastoma [14]. Further-
more, we report here that LMO3 inhibits p53, one of the key mol-
ecules in protection against cancer. This oncogenic action of LMO3
is comparable to the activity of other LIM-only protein family
members against tumor suppressor proteins [19]. Additionally,
the compensatory roles of LMO1 and LMO3 in development [6]
suggest common mechanisms of activity between LIM-only pro-
teins. Yet the timing of expression levels and topography result
in subtly distinct outcomes. Taken together with our previous
studies, recent results are consistent with the notion that LIM-only
proteins are regulatory proteins which have essential functions in
transcriptional regulation, while they can be potent oncogenes un-
der conditions of abnormal expression. .

We demonstrated that LMO3 represses p53-mediated activa-
tion and transcription of apoptosis-related genes. The loss of p53
activation provides tumor cells with several selective advantages,
such as an increased tolerance to growth arrest and apoptosis-
inducing protective mechanisms, in addition to genetic instability
[3.5]. This indicates that p53 is either inactivated or repressed by
LMO3, even though p53 still retains nuclear localization and
DNA-binding capability. Additionally, activation of the DNA-dam-
age response by CDDP treatment demonstrated a functioning p53
pathway in SH-SY5Y cells including the transcriptional activation
of p21 (Supplementary Fig. 1). Interestingly, p53 recruitment to
the p21"4*" promoter was increased by LMO3 expression. How-
ever, in all p53-activated genes studied, LMO3 could repress their
transcription by p53. Thus, LMO3 expression can influence p53
recruitment in a promoter selective manner but this may. not be
the main mechanism of repression.

As no enzymatic activity has been reported for LMO3, we pro-
pose that de-regulation of LMO3 expression leads to abnormal
complex formation because of inappropriate LMO3 interactions.
Our ChIP assay suggests that LMO3 does not suppress p53-medi-
ated gene activation by interfering with DNA-binding. Therefore,
another repression mechanism must exist. Accumulating evidence
has demonstrated that post-translational modification of histones
correlate with gene transcriptional regulation. Generally, Histone
acetylation is associated with gene activation [20]. Physical and
functional interactions of histone-acetyltransferases with p53,
such as CBP and p300, demonstrate targeted acetylation of his-
tones at promoter regions [21-23]. ChIP assays may indicate mod-

IP: 1gG IP: p53

+ +

Fig. 3. Recruitment of p53 to promoters of apoptosis-related genes. (A) Immunoblotting showing expression of p53 and HA-LMO3 in p53-deficient H1299 cell line. (B)
Chromatin immunoprecipitation with anti-p53 antibody or control mouse IgG in H1299 cells transfected with the indicated combinations of p53 and HA-LMO3 expression

plasmids.
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ification of histone acetylation by overexpression of LMO3 in the
chromatin of p53-target genes. Future studies should examine
the potential protein-protein interactions and the nature of LIM-
only protein complexes involved in epigenetic modifications of
chromatin.

The discrepancy between increased p53 recruitment and
repression of gene activation could be explained by the following
mechanisms. p53 receives a complex assortment of post-transla-
tional modifications including phosphorylation, ubiquitination,
sumoylation, methylation and acetylation. These modifications af-
fect many aspects of p53 status and activity, such as protein stabil-
ity, DNA-binding activity, promoter selection and target-gene
activation and/or repression. Regarding the repression of p53-med-
iated transcription by LMO3, we could not find any reduction in
protein stability (data not shown) and DNA-binding activity of
p53 to the p21, bax, and puma promoters. This suggests that
LMO3 regulation of p53 may affect the association with its co-acti-
vators and repressors. It has been proposed that LIM-only proteins
exert their effect by mediating protein—protein interactions and
competing for interacting domains in the assembly of protein com-
plexes [24,25]. Thus, LMO3 may directly compete for recruitment
of negative transcriptional regulators to the p53 DNA-binding
complex and promoter regions. Alternatively, LMO3 could recruit
post-translational modifiers of p53 affecting transcriptional activa-
tion via an indirect mechanism. One other possibility, although not
yet established for LIM-only proteins, is that binding by LMO3 af-
fects the protein folding of p53, allowing recruitment to its re-
sponse element yet interferes with assembly of the transcription
machinery.

We expected that alterations in LMO3 transcriptional com-
plexes have an inappropriate regulatory effect on downstream tar-
gets. Indeed, this is supported by our findings that the interaction
of LMO3 with p53 represses p53-mediated transcription. This
seems to be a common theme among LIM-only proteins. For exam-
ple. LMO4 inhibits the transcriptional activity of BRCA1, a major
tumor suppressor in breast cancers [10,19]. Intriguingly, Simonis
et al. [26] found that LMO3 is activated by chromosomal transloca-
tions of the T-cell receptor beta locus associated with T-cell lym-
phomas. In view of this study, the activities and molecular
pathways of LMO3 activity identified here and in our previous re-
port may be applicable to T-ALL. For future studies of LMO3, the
regulation of gene expression itself needs to be clearly defined.

Long term survival, especially for those over 18 months of age
for children with advanced neuroblastoma is currently unsatisfac-
tory. Regardless of a myriad of treatments, recovery rates are poor.
Present treatment regimes include surgery, radiation therapy, che-
motherapy, retinoic acid and immunotherapy with anti-GD2
monoclonal antibody. Currently, in high risk groups (around half
of all patients) overall survival is less than 40% [2]. There is an ur-
gent necessity for specific therapies that can selectively eliminate
cancer cells while limiting damage to normal cells and tissues. In
particular, identification of novel targets and pathways through
studies of abnormal gene expression, mutations, and genetic
abnormalities in the various stages of neuroblastoma is crucial.
Inhibition of LMO3 may be useful in treatment of presently diffi-
cult to treat neuroblastomas. The potential for interference of
LIM-only protein multi-complexes and subsequent inhibition of
normal and tumorigenic roles has been demonstrated using vector
mediated expression of an anti-LMO2 single chain Fv antibody
fragment [27,28]. Recent advances which will allow for individual
gene profiling of tumors and the ability to design specific inhibitors
may lead to a personalized treatment regime based on expression
of individual oncogenes. Therefore, specific targeting of LMO3 in
highly expressing tumors may simultaneously permit activation
of the p53 pathway and inhibit LMO3-mediated pro-survival
mechanisms.
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Abstract

Purpose: Activating mutations of the anaplastic lymphoma kinase (ALK) were recently described in
neuroblastoma. We carried out a meta-analysis of 709 neuroblastoma tumors to determine their frequen-
cy and mutation spectrum in relation to genomic and clinical parameters, and studied the prognostic
significance of ALK copy number and expression.

Experimental Design: The frequency and type of ALK mutations, copy number gain, and expression
were analyzed in a new series of 254 neuroblastoma tumors. Data from 455 published cases were used for
further in-depth analysis.

Results: ALK mutations were present in 6.9% of 709 investigated tumors, and mutations were found in
similar frequencies in favorable [International Neuroblastoma Staging System (INSS) 1, 2, and 4S; 5.7%)]
and unfavorable (INSS 3 and 4; 7.5%) neuroblastomas (P = 0.087). Two hotspot mutations, at positions
R1275 and F1174, were observed (49% and 34.7% of the mutated cases, respectively). Interestingly, the
F1174 mutations occurred in a high proportion of MYCN-amplified cases (P = 0.001), and this combined
occurrence was associated with a particular poor outcome, suggesting a positive cooperative effect be-
tween both aberrations. Furthermore, the F1174L mutant was characterized by a higher degree of auto-
phosphorylation and a more potent transforming capacity as compared with the R1275Q mutant.
Chromosome 2p gains, including the ALK locus (91.8%), were associated with a significantly increased

ALK expression, which was also correlated with poor survival.

Condusions: ALK mutations occur in equal frequencies across all genomic subtypes, but F1174L mu-
tants are observed in a higher frequency of MYCN-amplified tumors and show increased transforming
capacity as compared with the R1275Q mutants. Clin Cancer Res; 16(17); 4353-62. ©2010 AACR.

Neuroblastoma is the most common solid extracranial
pediatric tumor, with an annual incidence of 1 in 100,000
children below the age of 15 years (1). Despite intensive
multimodal treatment, neuroblastoma remains fatal in al-
most half of the unfavorable patients. Insights into the
molecular pathogenesis of this disease are required for
the development of less toxic and more effective molecular
targeted therapy. Detailed studies of patterns of DNA copy
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number alterations have been instrumental in our under-
standing of the dinical and biological heterogeneity of this
tumor. Three major genomic subtypes represent >80% of
all cases, i.e., hyperploid neuroblastoma with whole chro-
mosome gains and losses, near diploid neuroblastoma
with 11q deletions and 17q gain, and MYCN-amplified
neuroblastoma with 1p deletions and 17q gain (2-5).
The discovery of rare but recurrent high-level amplification
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of the ALK gene and a genetic study of familial neuroblas-
tomas led to the discovery of activating ALK mutations in
neuroblastoma (6-10). The frequency of ALK mutations
in primary neuroblastoma varied between 6% and 11%
in the different studies (6-10). The relatively low number
of mutations described in each of the individual studies
has precluded a thorough analysis of the frequency and
distribution of recurrent ALK mutations across the differ-
ent genomic subtypes. Moreover, in the first published
series, there was a significant bias towards analysis of
high-stage tumors, thus preventing a more general assess-
ment of frequency and distribution of mutations across
different stages (6-8). In our current study, we screened
an additional 254 neuroblastoma cases including all clin-
ical stages and genomic subtypes. In a meta-analysis, these
findings were combined with those from 455 published
cases (8-10) for which genomic subtype and clinical infor-
mation were available. This strategy enabled us to analyze
the ALK mutation profile in relation to genomic and din-
ical data in 709 neuroblastomas, which revealed a distinct
mutation spectrum in relation to genomic subtype. Two
hotspot mutations, F1174L and R1275Q, were shown to
induce ALK autophosphorylation and were able to trans-
form interleukin-3 (IL-3)-dependent Ba/F3 cells into cyto-
kine-independent growth. In addition, we evaluated ALK
gene expression levels and showed that high ALK expres-
sion is correlated with poor survival.

Materials and Methods

Neuroblastoma patients and cell lines
In total, 254 primary untreated neuroblastoma tumors
with a tumor percentage >60% were investigated, induding

44 stage 1, 30 stage 2, 34 stage 3, 113 stage 4, and 33 stage
4S tumors [according to the International Neuroblastoma
Staging System (INSS); ref. 11]. Patient information and ge-
nomic subtypes for 455 published tumors screened for ALK
mutations were retrieved from the publications or were
made available by the authors (Supplementary Table S1;
refs. 8-10). In addition, 39 neuroblastoma cell lines were
included. The cell lines were obtained from several sources
(see Supplementary Table S2). All of the cell lines were
genotyped by DNA fingerprinting (PowerPlex, Promega).
Genomic DNA was isolated using the Qiagen DNA isola-
tion kit (Qiagen) ora standard proteinase K/SDS procedure.

ALK DNA sequence analysis

For the first tumor cohort (146 cases) and the 39 cell
lines, all 29 ALK coding exons were analyzed, whereas the
remaining 108 tumors were screened for only the tyrosine
kinase domain. Constitutional DNA from blood samples
was available and analyzed for 12 of the 17 patients with
a mutation in the primary tumor. Exons were amplified
from genomic DNA (primer information in Supplementary
Table S3). PCR products were subjected to directional or bi-
directional sequencing using BigDye Terminator V1.1/V3.1
Cycle Sequencing chemistry on an ABI3730XL sequencer
(Applied Biosystems). Electropherograms were analyzed
using Segscape v2.5 software (Applied Biosystems).

Array comparative genomic hybridization copy
number profiling

To determine DNA copy number alterations, array com-
parative genomic hybridization (arrayCGH) was done by
using an in-house developed 1 Mb resolution bacterial ar-
tificial chromosome array (BAC) array (37 samples) as
previously described (3) or by using a custom-designed
44K array enriched for regions with recurrent imbalances
in neuroblastoma (1p, 2p, 3p, 11q, 17; 217 samples; Agi-
lent Technologies). For the latter, 150 ng of tumor and ref-
erence DNA were labeled with Cy3 and Cy5, respectively
(BioPrime ArrayCGH Genomic Labeling System, Invitro-
gen). Further processing was done according to the man-
ufacturer's guidelines. Features were extracted using the
feature extraction v10.1.0.0.0 software program and pro-
cessed with an in-house developed visualization software
arrayCGHbase (http://medgen.ugent.be/arrayCGHbase;
ref. 12), including circular binary segmentation for scoring
of DNA copy number alterations (13).

ALK gene expression data

Gene expression data were available for 440 tumors,
comprising a published dataset of 251 tumors profiled on
custom Agilent 44k arrays (ref. 14; downloaded from the
EBI ArrayExpress database E-TABM-38), an unpublished
dataset of 101 tumors profiled on the Human Exon 1.0
ST Affymetrix arrays (normalized and summarized at the
transcript level using RMAsketch), and an unpublished

!5 Koster et al., submitted.
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dataset of 88 tumors profiled on the Affymetrix HG-
U133plus2.0 platform (normalized using MAS5 and down-
loaded from the R2 database).'® Importantly, analyses
were done on sets of tumors profiled on the same plat-
form. For Kaplan-Meier and log-rank analysis, ALK expres-
sion levels were digitalized using the median expression
value as cutoff.

Tissue microarray and immunohistochemistry

For the establishment of a tissue microarray, three
representative areas from each tumor were selected on
H&E-stained slides from 70 formalin-fixed and paraffin-
embedded primary untreated neuroblastoma tumors
(Supplementary Table $4). Neuroblastoma tumors were
classified according to the International Neuroblastoma
Pathology Classification (INPC) scoring system (15),
which divides tumors into undifferentiated, poorly differ-
entiated, and differentiating. Of each tumor, three cores
were punched into the recipient block. Immunohisto-
chemistry was done using a monoclonal mouse anti-
human CD246 ALK antibody (clone ALK1, Dako), and
slides were scored for immunoreactive neuroblastoma cells
where 0 meant no or weak staining intensity (<10% of the
cells), 1 meant weak staining intensity (10-50% of the
cells), 2 meant medium staining intensity (50-80% of
the cells), and 3 meant high staining intensity (>80% of
the cells). The medium score of the three punches was cal-
culated for Kaplan-Meier and log-rank analysis.

Western blotting

Lysis of cells was done when the neuroblastoma cell
lines reached 70% confluency. Total cell lysates (50 pg
of protein) were analyzed by standard procedures (16)
using anti-phospho-ALK (Tyr1604), anti-ALK (Cell
Signaling), and anti-ERK2 (Santa Cruz) antibodies. The
Aida Image Analyzer v.4.22 was used for quantification
of Western blots. :

Transformation assay

Ba/F3 cells were cultured in RPMI-1640 supplemented
with 10% fetal bovine serum and 1 ng/mL murine IL-3
(Peprotech). ALK F1174L and ALK R1275Q constructs
were generated by PCR, cloned into the retroviral vector
pMSCV-neo (Clontech), and transduced in Ba/F3 cells. Ex-
periments were done in triplicate. Transduced Ba/F3 cells
were selected with G418 (500 pg/mL medium). The
amount of viable cells was assayed on regular intervals.
For proliferation curves, Ba/F3 cells were washed with
PBS, and 5 x 10° cells were seeded in 5 mL medium with-
out IL-3. Viable cells were counted using a Vi-CELL Cell
Viability Analyzer (Beckman Coulter) on days 3, 5, 7,
and 9.

Statistical analysis

Fisher's exact tests, Mann-Whitney tests, and correlation
analyses were done using R (version 2.8.1). The R Survival
package was used to generate Kaplan-Meier plots and to
carry out log-rank analyses. Multivariate logistic regres-

sion analysis was done using the glm function (R-base

package).
Results

ALK mutation analysis in 254 primary neuroblastoma
tumors and 39 neuroblastoma cell lines

In a series of 254 sporadic, nonfamilial primary neuro-
blastoma tumors, a total of 17 ALK mutations (6.7%) and
2 ALK amplifications (0.8%) were identified (Supplemen-
tary Fig. S1). In a first series of 146 cases, all 29 ALK coding
exons were analyzed but no mutations were found outside
the tyrosine kinase domain. Therefore, only the tyrosine
kinase domain was analyzed for the remaining 108 tu-
mors. The most frequent mutations were located at resi-
dues R1275 and F1174, and were detected in 3.9% (10
of 254) and 2.0% (5 of 254) of the cases, respectively. A
third recurrent but less frequent mutation affecting residue
F1245 (6-9) was not detected in our series. One of the
mutations previously reported in only one tumor was also
detected as a single case in our series (Y1278S; ref. 10),
thus providing further evidence for its contribution to neu-
roblastoma pathogenesis. In addition to the previously re-
ported mutations we observed one new missense mutation,
R1231Q. Sequence analysis of the constitutional DNA of 12
of 17 patients with an ALK mutation showed that these mu-
tations were somatically acquired.

Mutation analysis was also done in 39 neuroblastoma
cell lines. All mutations, except for one (D1091N in
LAN-6), were exclusively found within the tyrosine kinase
domain. Recurrent mutations were found in two cell lines
that were previously not analyzed, STA-NB-8 and NB-14.
All results of previously reported cell lines were in concor-
dance with published results except for one (see Supple-
mentary Table S1).

Meta-analysis of ALK mutations reveals an increased
occurrence of the F1174 mutation in MYCN-amplified
tumors

We carried out a meta-analysis on the new cohort of 254
cases together with 455 previously analyzed and pub-
lished cases to relate the ALK mutations to clinical and ge-
nomic data (8-10; Table 1 and Supplementary Table S1).
The 709 samples had in total 49 ALK mutations (6.9%).
The two most frequently occurring mutations were the
F1174 (34.7%) and R1275 mutations (49%; Supplemen-
tary Fig. S1). When the entire group of different ALK mu-
tations was taken into account in the evaluation of the
overall frequency of ALK mutations, no significant differ-
ence was observed for the frequency of mutations in favor-
able (INSS 1, 2, and 4S; 14 of 245, 5.7%) versus
unfavorable (INSS 3 and 4; 33 of 440, 7.5%) neuroblasto-
mas (Fisher's exact test P = 0.087). Mutation frequencies
were also compared within different stages, MYCN status,
or age, but no significant differences were found (see Table
1 for P values). However, when looking at the different
types of mutations in relation to the clinical and genomic
parameters, we noticed a skewed distribution for MYCN
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Table 1. Results of Fisher-exact analysis comparing the distribution of genomic alterations, age, stage,
and genomic subgroup in cases with one of the frequent ALK mutations or amplification versus wild-type

cases

Amplification or mutation Mutation vs Amplification vs F1174 versus R1275 versus F1174 versus

vs wild-type wild-type wild-type wild-type wild-type R1275
MYCN status 2.05E-04* 7.74E-027 6.49E-07* 1.16E-03* 6.09E-01 5.31E-027
1 p—deletiont 9.94E-027 8.21E-01 8.03e-02t 3.57E-01 7.68E-01 2.91E-01
3p—de|etiont 3.45E-021 5.54E-027 1.00E-00 1.00E-00 2.36E-01 1.00E-00
11g-deletion* 5.45€-02F 8.196-02F 1.00E-00 1.00E-00 2.09E-01 5.00E-01
2p-gain* 7.98E-01 1.00E-00 1.00E-00 6.02E-01 1.00E-00 5.26E-01
17g-gain? 6.85E-01 6.72E-01 1.00E-00 7.03E-01 1.00E-00 1.00E-00
Age (<> 1 year) 4.07E-01 4.47E-01 7.73E-01 8.09E-021 6.58E-01 9.336-02F
Stage 9.94E-021 1.66E-01 4.64E-01 6.70E-01 4.56E-01 8.13E-01
Genomic subtype 9.32E-04* 9.35E-027 5.04E-06* 2.20E-02* 7.71E-01 3.92E-01

mutation.
*P < 0.05.
P <o01.

NOTE: The last column gives the results of the comparison of the cases with the F1174 mutation versus cases with the R1275

*Data are based on two of the four datasets for which detailed arrayCGH data were available.

status in the F1174 mutated cases versus the tumors with
wild-type ALK (P = 0.001; Fig. 1A and Table 1). ALK F1174
mutations were found in 1.3% of the MYCN-single copy
tumors, compared with 6.1% of MYCN-amplified tumors.
Of the 17 tumors with the F1174 mutation, 58.8% had
MYCN amplification, compared with a frequency of
MYCN amplification of 21.6% in the tumors with wild-
type ALK (Fig. 1A). In contrast, the frequency of MYCN
amplification was similar for R1275 mutated versus
wild-type cases. As most cell lines were MYCN amplified,
we sequenced 39 neuroblastoma cell lines to verify wheth-
er the association of F1174 with MYCN amplification
could also be detected. Indeed, F1174 mutations were
present in 5 of 27 MYCN-amplified cell lines whereas only
one R1275 mutation was present in this cohort (Supple-
mentary Table $2).

Frequency of ALK mutations according to genomic'
subtype

To further explore the relationship between ALK muta-
tion status and genomic alterations, we dassified the tu-
mors into genomic subclasses based on arrayCGH data
(3). For 659 tumors, we could establish the genomic sub-
type: subtype 1 with numerical imbalances only (n = 218),
subtype 2A with 11q deletion and without MYCN ampli-
fication (n = 126), subtype 2B with MYCN amplification
(n = 158), and subtype 3 without any detectable DNA
copy number alterations (n = 78). This classification cov-
ered most of the cases (88%), with 79 remaining unclas-
sified (Supplementary Fig. S2).

A comparison of the ALK mutation frequency in rela-
tion to genomic subtype revealed that ALK mutations
were most frequently observed in MYCN-amplified tu-

mors (subtype 2B; 8.9% mutated), followed by subtype
1 tumors (7.3% mutated), subtype 2A tumors (4.0%),
and subtype 3 tumors (1.3%). Interestingly, all infrequent
mutations (6 of 49) were present in subtype 1 tumors
(Fig. 1B).

Correlation of ALK mutation with survival

No significant survival differences were found in tumors
with or without ALK mutations (or amplifications; log-
rank P = 0.317; Fig. 2A). However, when the survival of
patients with R1275 mutation or wild-type patients was
compared with patients with the F1174 mutation type,
Kaplan-Meier analysis showed significant survival differ-
ences (P =0.027 and P = 0.002; Fig. 2B and C). This might
largely be explained by the high frequency of MYCN am-
plification within the F1174 mutated tumors compared
with the R1275 mutated tumors.

Interestingly, although not statistically significant, we
noticed that 9 of 10 patients with a MYCN amplification
and F1174 mutation died of disease, suggesting that with-
in the MYCN-amplified subgroup, patients with the F1174
mutation may have a particularly poor survival as com-
pared with a 32% 5-year overall survival rate for MYCN-
amplified cases without the F1174 mutation.

ALK amplification

Overall, ALK amplifications could be detected in only
12 of 709 tumors (1.7%), and none of these carried acti-
vating ALK mutations. All ALK-amplified tumors, except
for one, were also found to be MYCN amplified (P <
0.001), which accounts for 6.7% of the total of MYCN-am-
plified tumors. Like ALK mutation, amplification is not a
statistically significant independent marker for survival
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