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Figure 1 Overview of genomic imbalance in endometrial carcinomas. SNP array was performed in 31 clinical samples with paired
tumor DNA and normal DNA. using a human mapping 50K or 250K Array. Samples are categorized according to the level of
chromosomal instability (CIN) as described in the text; CIN-extensive (Ext) with five or more copy number changes, CIN-intermediate
(Int) with 1-4 copy number changes, and CIN-negative (N) without any copy number changes. :

We detected five HD candidate regions in three
samples. One of the five regions (6q21.2) was located
in the vicinity of a known CNV. Genome imbalance
map (GIM) algorithm using the control DNA in this
sample with the other from unrelated individuals
revealed hemizygous loss at the surrounding region in
the germline DNA, suggesting that this locus is not
somatic HD. The other four HD regions on 9p21.3,
10923.3, 11p15.1 and 17q11.21 did not match with any
known CNVs and included CDKN24, CDKN2B,

ELAVL2, PTEN, NELLI, IDH3GL and NFI genes.
All these regions were <4.2 Mb and were included in the
LOH regions (Figure 1 and Supplementary Table 3).

SNP array genotyping distinguishes three clusters
according to the degree of CIN

As the number of copy alterations is significantly
different in each tumor, we further divided the CIN-
positive tumors into CIN-extensive and CIN-intermedi-
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Table 1 Minimal rcgions of copy number neutral (CNN) LOH in endometrial carcinomas
SNP  Sample# Chromosome/ Start End Minimal ~ Cancer-related genes
probes cytoband region
(Mb)
1 1p36.32-1p36.11 3464664 24689967  21.225303 MDS2, SDHB, PAX7, RPL22
2 11pl3 34400995 34569744  0.168749
14q24.1 66751027 67553008 0.801981 RADS5ILI
5 10q11.23-10926.3* 49154970 132221295 83.066325 BMPRIA, NCOA, DI0SI70, LCX, PRFI, MYST4,
PTEN, NFKB2, TLX1, TNFRSF6, SUFU, FGFR2
8 3pl4.2-3pl4.1 61464727 64834115 3.369388
6q23.2 134231263 134325485 0.094222
Tpls.2 25504107 25728845  0.224738
9p22.3 15722332 15750822  0.02849.
11pl15.4 2861092 8302275 5.441183 LMOI, NUP98
12q13.13 50605518 51445539 . 0.840021
17p13.3-17p11.2 489977 22269537  21.77956 GAS7, BHD, HCMOGT-1, MAP2K4, RABSEP,
TP53, USP6
17q21.31-17q21.32 42127241 46355386 4.228145
17921.33-17q25.3 48767363 81267388  32.500025 DDXS5, BRIPI, HLF; MSI2, PRKARIA, ASPSCRI,
CANTI, ALO17, MSF
9 3q26.31-3929 176959377 198389829  21.430452 PIK3CA, BCL6, EIF4A2, ETVS, LPP, TFRC
9p24.3-9p13.3 239391 35436386  35.196995 FANCG, CDKN2A- pl4ARF, CDKN2A -pl6(INK4a),
MLLT3, PSIP2, JAK2
S0K 10q11.21-10q26.3* 43685003 134750136 91.065133 BMPRIA, NCOA4, D10SI170, LCX, PRFI, MYST4,
PTEN, NFKB2, TLX1, TNFRSF6, SUFU, FGFR2
10 3p26.3-3p21.33 394143 43747869 43353726 PPARG, MLHI, CTNNBI, RAFI, VHL, XPC,
SRGAP3, FANCD2 .
14 5q31.1-5q35.3 135051159 180180911  45.129752 GRAF, ITK, PDGFRB, CD74, RANBPI7, NPMI,
NSDI, TLX3
, 6p Whole arm  Whole arm  Whole arm  HSPCB, CCND3, HMGAI, SFRS3, TFEB, PIM],
HISTIH41, POUSFI, FANCE, TRIM27, DEK
6ql1.1-6q14.1 62019084 78728757  16.709673
8q13.1-8q24.23 67274844 137516772  70.241928 NCOA2, NBSI, CBFA2TI, COX6C, EXTI, MYC
11q13.1-11q25 64820346 134034111  69.213765 NUMAI, CCNDI, PICALM, ATM, BIRC3, MAML2,
DDX10, PAFAHIB2, MLL, SDHD, POU2AFI, ZNFI45,
CBL, DDX6, PCSK7, ARHGEFI2, FLII
18p Whole arm  Whole arm  Whole arm
18q Whole arm  Whole arm  Whole arm  SS18, ZNF521, MALTI, MADH4, FVTI, BCL2
20q13.13-20q13.33 50442828 62317398 11.87457 GNAS, SSI8L1
Xp22.13-Xpl1.22 18593051 49297523 30.704472 TFE3, SSX4, GATAI, SSX1, WAS
15 3q12.1-3q29 99594845 197114668 97.519823 MDSI, TFG, CBLB, ZNF9, GATA2, RPN, FOXL?2,
GMPS, MLFI, EVIl, PIK3CA, BCL6, EIF4A42, ETVS,
. LPP, TFRC
22 10922.2-10q26.3* 75028193 132221295 57.193102 BMPRIA, MYST4, PTEN, NFKB2, TLXI, TNFRSF6,
SUFU, FGFR2
24 Ip Whole arm  Whole arm  Whole arm  RBM15, TRIM33, NRAS, NOTCH?2, BCLI0,
SIL, EPS15, TALl, SFPQ,THRAP3, MYCLI,
MUTYH, LCK,.MDS2, SDHB,PRDMI6, PAX7,
RPL22, MPL
1q Whole arm  Whole arm  Whole arm  PDE4DIP, BCL9, IRTAI, MUCI, AFIQ, ARNT, SDHC,
PRCC, NTRKI, HRPT2, TPM3, FCGR2B, PBX1, PMXI,
. ABL2, TPR, ELK4, MDM4, SLC45A43, FH
10922.2-10q26.3* 74940617 134813136 59.872519 BMPRIA, MYST4, PTEN, NFKB2, TLX1, TNFRSFG,
SUFU, FGFR2
14q22.3-14932.33 53559881 102230659 48.670778 KTNI, RAD5ILI, GPHN
27 1p36.33-1p13.2 1308770 114590824 113.282054 BCLI0, SIL, EPSI5, TALI, SFPQ, THRAP3, MYCLI,
MUTYH, LCK, MDS2, SDHB, PRDM16, PAX7, RPL22
9p24.3-9pl13.3 264108 35051504  34.787396 CDKN2A- pl4ARF, CDKN2A -pl6(INK4a), MLLT3,
PSIP2, JAK2
29 2p25.3-2p12 124249 82139344  82.015095 REL, IGK@ ,BCL1IA, MSH6, EML4, MSH2, NCOAI,
ALK, MYCN
31 1p35.2-1p31.2 30984284 59013240  28.028956 SIL, EPSI15, TALI, SFPQ. THRAP3, MYCLI, MUTYH, LCK
1923.2 156672464 157185184  0.51272
3p26.3-3p24.3 79972 18006232  17.92626 PPARG, RAFI, VHL, XPC, SRGAP3, FANCD2
3p24.3-3p24.1 20755592 29221196 8.465604
4p16.34p1533 344051 14519067 14.175016 WHSCI, FGFR3
4q22.34q31.21 94588552 143180768  48.592216 TET2, IL2
4q31.23 149715072 149730992  0.01592
250K 5q921.1 99140632 99692424  0.551792
5q23.1-5q32 117033848 146035968  29.00212
6p25.3-6p24.3 119769 8827918 8.708149 IRF4
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Table 1 Continucd
SNP  Sample# Chromosome/ Start End Minimal ~ Cancer-related genes
probes cytoband region
(Mb)
7q11.23-7q21.2 75341256 90787048  15.445792
8p23.2-8p21.1 198834 6508 840 6.310006
9g21.11-9g34.3 68854248 138262432 69.408184 GNAQ, SYK, NR4A3, FANCC, PTCH, XPA, OMD,
FNBPI, TAL2, CEPI, BRD3, SET. TSC1, NUP214, ABLI
10925.3-10g26.3 117468544 135293424 17.82488 FGFR?2
13q21.2-13q34 60518320 114054472  53.536152 ERCCS
17p13.1-17p12 83173 14791705 14.708532 RABSEP, TP53, USP6, PERI
17q24.3-17q25.3 66106416 78531856 12.42544 ASPSCRI, CANTI, ALOI17
20p13-20p12.1 165074 15279007 15.113933
21¢21.2-21q21.3 25499006 26046936 0.54793

Abbreviation: SNP, single-nucleotide polymorphism.
*Regions including the locus of PTEN.
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Figure 2 SNP array ‘karyograms’ (50K) of reprcscntative tumors. In each graph. the top shows the total copy number and the bottom
shows the allele-specific copy number. CIN status is classificd according to the number of loci with chromosomal imbalances.
(a) Karyograms of two CIN-cxtensive tumors. CNN LOHs arc predominantly detected in one sample atlp. 1q, 10922.2-26.3 and
14q22-32 (right). (b) Karyogram of onc CIN-intcrmediate tumor. (¢) Karyogram of one CIN-ncgative tumor.

ate. The SNP array ‘karyograms’ of representative
tumors are shown in Figure 2. We classified tumors
with five or more loci of copy alterations as CIN-
extensive (Figure 2a), those with one to four loci
as CIN-intermediate (Figure 2b), and those without
any copy alterations as CIN-negative (Figure 2c).
The karyograms of the remaining tumors are available

in Supplementary Figure 1. In this classification, 9 out
of 31 (29%) tumors were CIN-extensive, 17 (55%)
were CIN-intermediate and 5 (16%) were CIN-negative
(Figure 1). Whole arm chromosomal alterations were
more frequently observed in CIN-extensive than in
CIN-intermediate tumors (Figure 1 and Supplementary
Figure 1).
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Table 2 Status of microsatellite instability (MSI) and chromosomal
instability (CIN)

No. D2S123 D55346 DI175250 BAT25 BAT26 CIN

24 + + + + +  Ext
6 + + + + + Int
10 + + + + + Int
15 + - + + + Int
MSI-high 17 + + + + + Int
18 + + + + + Int
21 + + - + - Int
11 - + + + +  Neg
19 + - - + + Neg
20 + — + + + Neg
2 - - - - - Ext
5 - - - - Ext
8 - - NA - - Ext
12 - - - - - Ext
14 - - - - - Ext
25 - - - - - Ext
1 - - — - - Int
MSS 3 - - - - - Int
4 - - - - - Int
7 - - - - - Int
9 - - - - - Int
13 - - - - - Int
22 - - - - - Int
23 - - - - - Int
16 - - - - - Neg

Abbreviations: Ext, extensive; Int, intermediate; MSS, microsatellite
stable; NA, not available; Neg, negative.

MSI-high is commonly coexistent with CIN-negative and
CIN-intermediate, but rarely with CIN-extensive

In this study, MSI-high was detected in 10 out of 25
(40%) endometrial carcinomas, and microsatellite stable
(MSS) in 15 out of 25 (60%) (Table 2). MSI-low was
not detected in this study. MSI-high was detected in 1
of 7°(14%) in CIN-extensive, 6 of 14 (43%) in CIN-
intermediate and 3 of 4 (75%) in CIN-negative tumors,
suggesting an inverse correlation between CIN and MSI.
As a result, 24 of 25 (96%) endometrial carcinomas were
positive for genomic instability (MSI and/or CIN).

We analyzed the clinicopathological characteristics of
CIN-extensive. No significant difference in age, differ-
entiation, vascular invasion, clinical stage and myome-
trial invasion was observed between CIN-extensive and
the others (Supplementary Table 4). Presence of CNN
LOH also does not have any significant associations in
these factors (data not shown). MSI-high was correla-
ted with vascular invasion (P=0.049), and shows
a tendency toward unfavorable clinicopathological
features, such as deep myometrial invasion and old
age (Supplementary Table 5).

CIN-extensive is a poor prognostic factor in endometrial
carcinomas

By Kaplan—-Meier analysis, MSI-high showed a trend to
be a favorable prognostic factor (P=0.069) (Supple-
mentary Figure 2a). Next, we analyzed 50K SNP array
in the other 11 endometrial carcinomas using tumor
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DNA, in addition to the 31 tumors. In 42 tumors, the
ratio of CIN-extensive, -intermediate and -negative is
26% (11/42), 52% (22/42) and 21% (9/42), respectively.
Kaplan-Meier analysis revealed that CIN-extensive was
a significant marker of poor prognosis (P=0.0034 by
log-rank test, Figure 3). A worse prognosis of CIN-
extensive, compared with CIN-intermediate (P =0.0033,
Supplementary Figure 2b), suggests that not only the
existence but also the degree of CIN is important in
endometrial tumorigenesis. Stage III-IV and histologi-
cal grade (grade 2 or 3) were also poor prognostic
factors by univariate analysis (Table 3). Subsequently,
multivariate analysis was conducted using these three
poor prognostic factors. Only CIN-extensive was found
to be a significant and independent predictor for poor
survival (Table 3).

Frequent CNN LOH with homozygous PTEN mutations
in endometrial carcinomas

In SNP array analysis, we detected deletions of PTEN
locus in 8 out of 31 (26%) tumors: one with HD, four
with CNN LOH (marked with an asterisk in Table 1)
and three with LOH without gain of the opposite allele.
We also evaluated PTEN mutations and detected the
mutations in 16 of 22 (73%) tumors. Taken together, we
found three patterns of biallelic PTEN alterations in a
total of eight tumors (36%): three tumors with CNN
LOH and a mutation, four with two mutations and one
with HD (Supplementary Table 6). Monoallelic PTEN
alterations were observed in 11 tumors (50%): nine with
a mutation, one with CNN LOH and one with LOH
(Supplementary Table 6). Only three (14%) tumors
showed no genomic alterations in PTEN. In our
previous study, we did not observe any PTEN hyper-
methylation in 53 endometrial carcinomas (Shoji et al.,
2009). -

MSS tumors frequently possess chromosomal imbalances
in genes associated with the Ras-PI3K pathway

MSI is thought to correlate with mutator phenotype,
and is reported to possess PTEN mutations more
frequently than MSS in endometrial carcinomas.
Indeed, all the MSI-high tumors possess PTEN muta-
tions, whereas 6 of 12 MSS tumors (50%) possess PTEN
mutations (P=0.015) (Supplementary Table 6).
On the other hand, we found that six out of seven
(87%) tumors with' chromosomal imbalances of PTEN
were MSS, suggesting that chromosomal imbalances
have significant roles in disrupting PTEN function in
MSS tumors.

Next, we analyzed genomic alterations of the other
Ras-PI3K-related genes (NFI, K-Ras and PIK3CA).
We found mutations of K-Ras and PIK3CA in 2 (9%)
and 6 (27%) out of 22 tumors, respectively. In addition
to one HD (4%) and two LOH (8%) at the NFI locus.
we found gains at the loci of PIK3CA (3q26.3) in four
(16%) tumors and K-Ras (12pl12.1) in four (16%)
tumors. CNN LOH at the loci of PIK3CA was observed
in two (8%) tumors, including one with a PIK3CA
mutation.
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Figure 3 Overall survival of 42 endometrial carcinomas
calculated according to the Kaplan—Meier method. (a) Survival
of paticnts with CIN-cxtensive (7= 11), compared with the others
(CIN-negative or -intermediate (n = 31). (b) Survival of stage III-
IV paticnts (n=20) compared with stage I-1I patients (n=22).
(c) Survival of patients with histological grade 2-3 (n=24).
compared with thosc with grade 1 (n=18).

We summarized the data of genomic alterations in the
four genes (PTEN, PIK3CA, K-Ras and NFI) of the
Ras-PI3K pathway (Table 4). In total, six out of the
seven CIN-extensive tumors show deletion(s) in PTEN
and/or NFI. Although the biological functions of
copy number gains in K-Ras and PIK3CA are to be
elucidated, all the seven CIN-extensive tumors show
chromosomal imbalances in the loci of genes associated
with the Ras-PI3K pathway, whereas 5 of the 14 CIN-
intermediate tumors (36%) show such imbalances
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Table3 Univariate and multivariate analysis of prognostic factors for

Prognostic factor P

Univariate Multivariate
Age >60 (vs —60) 0.57
Gradc 2/3 (vs grade 1) 0.0099 0.070
FIGO stage III/IV (vs I/II) 0.026 0.27
Myometrial invasion >2/3 (vs <2/3) 0.62
CIN-extensive (vs others) 0.011 0.048

Abbreviation: CIN, chromosomal instability.

(P=0.016) (Table 4). In total, genetic mutations in the
Ras-PI3K pathway and/or copy number losses in PTEN
and/or NFI were detected in 20 of 22 tumors (91%). The
250K SNP array also revealed LOH in both PTEN and
NFI genes in one of the six tumors.

Discussion

The relationship- between CIN and MSI in endometrial
carcinomas

Our analyses of genomic instability revealed that most
of the endometrial carcinomas possess CIN and/or MSI.-
The positive ratios of CIN and MSI were 84% (21/25)
and 40% (10/25), respectively. Inconsistent with color-
ectal cancer (Choi et al., 2002), coexistence of MSI-
high and positive CIN was observed in 28% (7/25) of
our samples, especially in CIN-intermediate tumors
(6/14 =43%). This overlap might be explained, at least
in part, by the detection of CNN LOH, as described
below. The ratio of MSI-high (40%) in this study was
higher than that (15-20%) in previous reports (Atkin,
2001; Woerner et al., 2003), presumably because all the
tumors in this study are endometrioid adenocarcinomas.
In spite of correlation with lymphovascular invasion,
MSI-high showed a trend of favorable prognosis. Posi-
tive MSI was also reported to correlate with advanced
stage and deep myometrial invasion in endometrial
carcinomas (Black er al., 2006). On the other hand, we
showed that CIN-extensive was an independent poor
prognostic factor, without any significant associations
with clinicopathological factors. These data suggest that
the aggressive phenotype of CIN-extensive tumors is not
predicted by any clinicopathological characteristics, and
the favorable prognosis in MSI-high tumors might be
explained by the inverse trend between MSI and CIN
status. In this analysis, we added SNP array data from
11 specimens with only tumor DNA, in addition to 31
specimens with both tumor and normal DNA. We
confirmed that the presence of CNN LOH affected the
classification (CIN-extensive versus others) only in one
of the 31 specimens with paired DNA. An additional 10
specimens classified by array CGH also supported the
poor prognostic effect of CIN-extensive (data not
shown). Therefore, our CIN classification would be also
applicable to the data of either SNP array without
normal DNA or array CGH. Although the SNP typing
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Table 4 Mutations and copy number (CN) imbalances in Ras-PI3K pathway

CIN MSI Number of genes Types of alterations Sample
with alterations
Mutations CN PTEN Mutated codon(s) PIK3CA K-Ras NF1]
imbalances
Negative
1 High 2 Mut + Mut (R173C/P213H) Mut (D549N/T1025A) 19
2 High 1 Mut (K164R) 11
3 High | Mut (318-319: Dcl CTTA) 20
4 Ncgative 1 Mut (L25F) ) ™ 16
Intermediate
1 High 3 Mut + Mut (100; Ins A/291-293; Del Mut (H1047R) Mut 6
(G120)
2 High 2 1 Mut + Mut (164; Del A/268: Del A) Mut (H1047R) + CNN 15
LOH
3 High 2 Mut (232; Ins A) Mut (E542K) 10
4 High 2 Mut (274; Del T) Mut (H1047Y) 18
5 High 2 Mut (137: Del A) Mut 21
(G13D)
6 High 1 Mut (R1730) 17
7 Negative 2 Mut (13; Ins C) Mut (N1044K) 13
8 Negative 1 Mut + Mut (R130G/R233*(stop) ) 4
9 Negative 1 2 Mut + CNN (291; Ins A) CNN LOH 9
LOH
10 Negative 1 1 Mut (L146*(stop) ) Gain 23
11 Negative 1 CNN LOH 22
12 Negative 3
13 Negative NA 1 NA Gain 1
14 Negative NA NA 7
Extensive )
1 High 1 1 Mut + CNN (G132R) 24
LOH
2 Negative 1 1 Mut + CNN (R130G) ; ) 5
LOH
3 Negative 3 HD Gain HD 2
4 Negative 3 LOH Gain Gain LOH 8
S Negative 2 Gain ’ LOH 12
6 Negative 1 Gain 25
7 Negative NA 2 LOH Gain 14

Abbreviations: HD. homozygous deletion; PI3K, phosphatidylinositol 3’-kinase.

array or array CGH may not be currently cost-effective,
defining CIN status will become more feasible with the
prevalence of genome-wide analysis of each cancer. The
information that all the patients with risk factors (such
as lymph node metastasis and deep myometrial inva-
sion) received adjuvant radiation and/or chemotherapy
suggests that CIN-extensive might be also associated
with sensitivity to adjuvant chemotherapy and/or radio-
therapy. The loci of copy alterations in CIN-extensive
did not frequently overlap with each other in our
analyses (Figure 1). Rather, the region of copy altera-
tions spreads to the entire genome. The numerous
patterns of copy alterations in CIN-extensive tumors
indicate that the degree of CIN itself, not the alterations
of specific genes, might be a significant marker for
tumor aggressiveness.

CNN LOH and HD in endometrial carcinomas

Recently, CNN LOH has been reported in various types
of tumors at the loci of important genes that drive the
carcinogenic process (Bacolod er «l., 2009; Tuna et al.,
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2009). The ratio of CNN LOH was reported at 20-50%
in several tumors, including leukemia, liver cancer and
ovarian cancer (Raghavan et al., 2005; Midorikawa
et al., 2006; Dunbar et al., 2008; Walsh et al., 2008).
Considering the fact that only 28% of tumors were CIN-
extensive, it is noteworthy that CNN LOH was positive
in 42% of endometrial carcinomas. Especially, 3 of 14
CIN-intermediate tumors show CNN LOH alone with-
out any other chromosomal gains and losses that would
be overlooked by CGH. These results suggest that CNN
LOH shares a significant ratio and may have key roles
in endometrial carcinogenesis. We found one HD and
one CNN LOH at the CDKN24 locus (9p21.3) and
two CNN LOH at the TP53 locus (17p13.1). These
alterations have been reported in other types of
malignancy such as of the colon, breast and leukocyte
(Melcher et «l., 2007; Kawamata et al., 2008; Walsh
et al., 2008). In gynecologic malignancies, HD at 9p21.3,
10923.3, 17q11.2 and CNN LOH at 1p36.13-1p36.11,
13q31.1, 13g32.3-13q34, 17pl13.2-17pl11.2, 17q21.33-
17q23.2, Xp21.1 and Xp11.4-Xp11.3 were also reported
in ovarian cancer (Gorringe et al., 2009). Thus, CNN




LOH and HD of specific tumor suppressor genes might
be widespread in various types of tumors.

Copy number polymorphisms are known to be
common in the human genome (Conrad et al., 2006).
Normalization of tumor samples to their matching
normal germline DNA is a useful method to mask such
copy number polymorphisms; however, copy number
polymorphisms and interchromosomal segmental dupli-
cations can still masquerade as somatic alterations
in tumors with extensive copy number imbalances
(Gorringe and Campbell, 2008). In our analysis, one
HD at 6q21.2 was suggested to be one of the germline
CNVs. Thus, it is very important to exclude the
possibility of germline CNVs in each HD region.

Biallelic PTEN inactivation and MSI status

The most frequent CNN LOH was 10q22.2-10q26.3,
which includes PTEN. The ratio of LOH in PTEN has
been reported to be 2040% by microsatellite markers
and approximately 15% by CGH (Sirchia er al., 2000;
Suehiro et al., 2000; Toda et al., 2001; Micci et al., 2004;
Levan et al., 2006). In our analysis, four of seven LOH
detected at the PTEN locus turned out to be CNN
LOH, indicating that LOH of PTEN has been under-
estimated by CGH in endometrial carcinomas. Three of
the four tumors with CNN LOH at PTEN possess
homozygous PTEN mutations. In addition, HD of
PTEN at 10923 was also detected in one tumor. We
previously reported multiple PTEN mutations in 9 out
of 37 PTEN mutant tumors (Minaguchi et al., 2001).
Taken together, inactivation of PTEN is caused by
various reasons, such as (1) a mutation and LOH
without gain of the opposite allele, (2) homozygous
mutations and CNN LOH, (3) HD and (4) mutations in
both alleles. There might be other unknown mechanisms
of biallelic PTEN inactivation, as 11 tumors showed
monoallelic PTEN alterations in this study, including
one tumor with CNN LOH at PTEN. PTEN mutations
in endometrial carcinomas were reported to be more
common in MSI-positive tumors, compared with MSS
tumors (Bilbao er al., 2006). In this study, all the three
tumors with multiple PTEN mutations were MSI-high,
whereas six out of seven tumors with PTEN deletion(s)
were MSS. These data suggest that the mechanism of
PTEN inactivation is affected by MSI status.

Prevalent genomic alterations in the Ras signaling
pathway

The frequency of mutations in K-Ras, PTEN and
PIK3CA in the Ras-PI3K pathway is remarkable in
endometrial carcinomas. NFI, located at 17q11.2,
functions as a negative regulator of the Ras signaling
pathway (McCormick, 1995). Recently, CNN LOH
surrounding the NFI locus was observed in juvenile
myelomonocytic leukemia (Flotho et al, 2007).
Although inactivation of NFI has not been reported in
endometrial carcinomas, we have detected one HD at
17q11.2 and three LOH at this locus in 31 samples
(13%). Copy number losses in NFI suggest that there
might be other types of alterations in this gene in
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endometrial carcinomas, such as inactivating mutations
reported in glioblastomas (Cancer Genome Atlas
Research Network, 2008).

Amplifications of PIK3CA (3q26.3) and K-Ras
(12p12.1) loci are other possible mechanisms of
alterations. SNP array analysis revealed copy number
gains at the locus of K-Ras (13%) and PIK3CA
(13%), supporting the previous reports (Oda et al.,
2005; Salvesen et al., 2009). One of the two tumors with
CNN LOH at the PIK3CA locus contains a ‘hot spot’
PIK3CA mutation (H1047R), which might result in
increased activity of mutant pllOalpha. However, it
is to be elucidated whether gains (and CNN LOH
without a mutation in the opposite allele) at the loci of
PIK3CA and K-Ras are in fact targeting these genes.
Comprehensive analyses of genomic alterations in the
Ras-PI3K pathway revealed that genomic alterations in
the Ras-PI3K pathway are extensively common, as
observed in Table 4. These results suggest that the
activation of this pathway might be a critical step in
endometrial tumorigenesis and that targeting this path-
way might be a promising therapeutic strategy in
endometrial carcinomas.

Materials and methods

Tumor samples and genomic DNA

Surgical samples were obtained from a total of 42 patients with
primary endometrial carcinomas (endometrioid adenocarcino-
mas) who underwent resection of their tumors at the
University of Tokyo Hospital. All the 42 patients were treated
as previously described (Onda er al., 1997). Briefly, they
received primary surgery, including hysterectomy, bilateral
salpingo-oophorectomy and systematic lymphadenectomy.
Whole-pelvis irradiation was indicated for stage I-III patients
with at least one of the following factors: deep myometrial
invasion, positive lymph nodes, adnexal metastases and pelvic
peritoneal metastases. The stage IIl patients with either
adnexal/peritoneal involvement or aortic node metastases were
treated with three cycles of platinum-based chemotherapy before
radiation therapy. Stage IV patients were treated postoperatively
with five cycles of platinum-based chemotherapy. All the
recurrent patients received platinum-based chemotherapy. -

All of the patients provided informed consent for the
research use of their samples and the collection, and the use
of tissues for this study was approved by the appropriate
institutional ethics committees. The fresh-frozen tumors were
embedded in OCT compound, and the 4-um tissue sections
were stained with hematoxylin and eosin. We confirmed that
each section contains a high purity of tumor epithelium
(>60%) and used those sections for DNA extraction. Genomic
DNA was isolated from the tumor sections or lymphocyte
pellets using a QlAamp DNA Mini Kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s specifications. Paired
genomic DNA was also extracted as a control through blood
samples in 31 out of 42 patients. The clinical status of these 42
patients was summarized in Supplementary Table 1.

SNP array )

SNP array was performed in 31 clinical samples with paired
tumor DNA and normal DNA, and 11 clinical samples with
tumor DNA alone. Experimental procedures for GeneChip

1905

‘Oncogene



Genome-wide SNP arrays in endometrial carcinomas
S Murayama-Hosokawa et af

1906

Relative Ratio

|

0 7 WS (NS TN N U TN NN NN NN SN NN NN SN SN SN NN SN G N N SN SN S N 5 N SN N S S WA N NI N N S S N N
R R B R R e i L R
A r a0 YO YT Y r ¥ rd T e P Ra @
(DO’JN?NFMNPN‘.Q.CVJFNN‘DNNFMFNNON(DPNV—NCONNN,\FMNF
noooNodogango SR A R TR AR AR SR - - Y
Arrvr ANOOO TOLBLO ONTRTOOOO|Srraugason T = %
- N~ [~} O v v~ - ™ v <t - - O N

- -~ - -
1.5
l HD at10g23.31; PTEN

10922.3
10922.3
10922.3
10g23.1
10q23.1
10923.1
10923.1
10q23.1

10g23.1
10q23.1
10g23.1
10g23.2
10q23.31
10g23.31
10q23.31
10q23.31
10q23.31
10q23.32
1023.33
10g23.33
10q23.33
10q24.1
10g24.1
10q24.2

Figure 4 Detection of allele-specific copy number alterations, including homozygous deletions (HD), using a human mapping 50K
SNP array technology. Red bar corresponds to the allele with a higher copy number, and blue bar to that with a lowcr copy number.
This representative sample shows LOH at multiple loci (top). Inside the LOH, chromosome 10g23.3 is homozygously delcted as shown

in the bottom.

were performed according to GeneChip Expression Analysis
Technical Manual (Affymetrix, Santa Clara, CA, USA), using
a Human mapping 50K Xba I Array in 36 out of 42 ,samples.
The remaining six samples with paired DNA were analyzed
with a Human mapping 250K Nsp Array (Affymetrix).

Genome imbalance map

The GIM algorithm was applied to the raw data of endometrial
cancer and peripheral blood obtained from SNP-arrays. We
previously reported that the purity of tumor epithelium at 50% is
sufficient for the GIM algorithm (Ishikawa et al., 2005). The basic
concept of GIM involves the normalization of probe level signals,
as previously described (Ishikawa et al., 2005). Briefly, the signal
intensity ratio between the raw signal intensity from the cancer
and paired normal samples was calculated from the perfect match
probes for each SNP locus by taking the median after omitting
the highest and lowest values. Second, we calculated the adjusted
ratio, which is the raw ratio divided by the expected ratio. The
expected ratio is calculated by adjusting several parameters for
each experiment, for example, length of Xba I (or Nsp) fragment,
percentage of GC of Xba I (or Nsp) fragments, local GC content,
hybridization-free energy of 25-mer probe sequences and genomic
mean of signal intensity of perfect match probes from reference
sample. For allele-specific copy number analysis in this GIM
algorism, the relative ratio of 0.5, 1 and 1.5 theoretically
corresponds to 0, 1 and 2 copies, respectively (Figure 4). We
detected allele-specific copy number alterations, using the cutoff
relative ratio of >1.3 (1.6 copies) for gain and <0.7 (0.4 copies)
for loss in each region. Total copy number alterations were also
detected by using the cutoff relative ratio of >1.15 (2.6 copies)
for gain and <0.85 (1.4 copies) for loss.

Oncogene

MSI analysis

Genomic DNAs extracted from the samples were used to study
MSI status using five fluorescence-labeled microsatellite
markers (BAT2S5, BAT26, D2S123, D5S346 and D17S250).
Primer sequences have been previously described (Loukola
et al., 2001). PCR reactions were performed with KOD plus
DNA Polymerase (TOYOBO, Osaka, Japan). The PCR
conditions were as follows: 94°C for 2 min; 30 cycles of 94°C
for 155, 54-60°C for 30s, 68°C for 30s, followed by a final
extension at 68°C for 2min. After PCR, 1l of the product
(x 30 diluted) was mixed with 10l Hi-di Formamide and a
size marker. This product was denatured at 95°C for 5min and
cooled on ice before loading onto ABI 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Results were
analyzed by Genemapper Software Version 4.0 (Applied
Biosystems). Determination of MSI status was made according
to the presence of mutant alleles in tumor DNA compared
with blood DNA. MSI status was determined as follows:
tumors with two or more positive MSI markers as MSI-H, one
positive MSI marker as MSI-L, and no positive MSI markers
as MSS (microsatellite stable).

Mutational analysis

Mutations for PTEN (exonl-8), K-Ras (exonl and 2) and
PIK3CA (exon9 and 20) were analyzed as previously described
(Minaguchi er al., 2001; Oda et al., 2005, 2008).

Statistical analysis ,

The association of variables related to clinical characteristics
was evaluated by Fisher's exact test. The P-values obtained in
all tests were considered to be significant at P<0.05. Survival




curves were constructed using the Kaplan—Meier method and
compared with the log-rank test. The analyses were carried out
using the JMP 7 statistics package (SAS Institute, Cary, NC,
USA). Multivariate analysis was evaluated by Cox’s propor-
tional hazards model.

Conclusion

We comprehensively analyzed genomic alterations in endo-
metrial carcinomas. The novel classification by the number of
chromosomal imbalances revealed that CIN-extensive is an
independent poor prognostic factor. As the status of geno-
mic instability is not morphologically recognized, our CIN
classification would provide a useful biomarker for prognosis
in endometrial carcinomas. SNP array analysis revealed CNN
LOH at 42% and HD at 10%, including the locus of PTEN.
Our data indicated that alterations in the Ras-PI3K pathway
are extensively prevalent in endometrial carcinomas through
both chromosomal imbalances and genetic mutations.
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The tumor suppressor gene p53 is the most frequently mutated
gene in human cancers. However, its mutation rate is relatively
low in gastric cancer compared with other cancers. in this study,
we investigated the mechanisms underlying the antitumor effects
of nutlin-3, an inhibitor of human homolog of murine double min-
ute 2 (MDM2). MDM2 is a negative regulator of p53. Four gastric
cancer cell lines with wild-type p53 (wt p53) and three with

utant-type p53 (mt p53) were analyzed for MDM2 and MDM4
expression by immunoblotting, and for their gene amplification by
quantitative real-time PCR. Moreover, the viability of cells exposed
to nutlin-3 was examined by WST-8 assay, and the expression of
p53 and its downstream genes was analyzed by immunoblotting.
Nutlin-3 stabilized p53 and increased the expression of p21WAf!
and Noxa, and cleaved poly (ADP)-ribose polymerase regardless of
the pre-expression levels of MDM2 and MDM4 in gastric cancer
cells with wt p53. Flow cytometry revealed that nutlin-3 arrested
the cell cycle in G, phase and induced apoptosis in the cell lines.
These nutlin-3 effects were not observed in the cell lines with mt
p53. Nutlin-3 exerted additive or synergistic cytotoxicity in combi-
nation with 5-fluorouracil or cisplatin in most cell lines with wt
p53. An in vivo antitumor effect of nutlin-3 alone and its additive
augmentation by 5-fluorouracil were confirmed in an MDM2 over-
expressed xenograft tumor model. Nutlin-3 showed potent antitu-
mor activity against human gastric cancer cells with wt p53 and
shows promise as a single agent and in combination with conven-
tional anticancer drugs. (Cancer Sci, doi: 10.1111/j.1349-7006.
2010.01821.x, 2011)

‘-I- he tumor suppressor gene p53 plays a central role in the
regulation of the cell cycle, DNA repair, apoptosis, and
senescence.'™ Deleted or mutated P53 occurs in approximately
half of human cancers, indicating that a substantial proportion of
human carcinogenesis is caused by dysfunction of the p53 path-
way.™ In human gastric cancer, the rate of p53 mutation is
approximately 30%.°® To date, the efficacy of p53 pathway
activation in controlling gastric cancer with wild-type p53 (wt
p53) has not yet been fully elucidated.

Human homolog of murine double minute 2 (MDM2) nega-
tively regulates p53.”” MDM2 is a p53-specific E3 ubiquitin
ligase that mediates the ubiquitin-dependent degradation of
p53.%9 Moreover, MDM2 can bind to the p53 transactivation
domain and suppress pS3-mediated transcription."'>'" MDM2
expression is positively regulated by p53 transactivation, form-
ing a feedback loop. Amplified MDM2 has been observed in
human sarcomas'®'® and in >10% of various human cancers
including gastric cancers.”'*'" MDM4 was discovered as a p53-
binding protein negatively regulated by MDM2 and has struc-
tural homology with MDM2."'>" MDM4 is also amplified or
overexpressed in 10-20%_of various human cancers'” ® and
65% of retinoblastomas.'” Unlike MDM2, MDM4 is neither
activated by p53 nor has intrinsic ubiquitin-ligase activity.

doi: 10.1111/j.1349-7006.2010.01821.x
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MDM4 regulates p53 activity by interacting with the p53 trans-
activation domain and thereby inhibiting p53-mediated gene
expression,!'&1%

Nutlin-3 is a novel small-molecule inhibitor of MDM2.*
It binds to MDM2 in the p53-binding pocket, interfering with
MDM2-directed p53 degradation and resulting in p53 accumula-
tion. Increased p33 activates p53-responsive genes involved in
G, arrest and apoptosis. In addition, nutlin-3 exerts antitumor
effects in solid tumors and lymphoid neoplasms with wt p53.%*2%
However, its in vitro and in vivo antitumor effects in gastric
cancer cells have not yet been sufficiently clarified.

We analyzed various gastric cancer cell lines for the expres-
sion of MDM2 and MDM4 and their sensitivity to nutlin-3 with
or without anticancer drugs. We also investigated the in vivo
antitumor effects of nutlin-3 alone and its enhancement by 5-flu-
orouracil (5-FU) in a xenograft model of a human gastric cancer
cell line with wt p53.

D,21)

Materials and Methods

Cell lines. Seven gastric cancer cell lines were used: four cell
lines with wt p53 (MKN-45, NUGC-4, STKM-2, and SNU-
1):%27 and three cell lines with mutant-type pS3 (mt p53;
NUGC-3, NUGC-2, and STKM-1).%® Cell lines with wt p33
derived from other types of cancer (SISA-1 osteosarcoma,
MCF-7 breast cancer, and Weri-1 retinoblastoma cell lines)
were also studied. MKN-45, NUGC-4, and Weri-1 cell lines
were obtained from Riken BRC Cell Bank (Tsukuba, Japan).
SNU-I, SISA-1. and WI-38 (human diploid fibroblasts) cell
lines were purchased from the American Type Culture Collec-
tion (Rockville, MD, USA). NUGC-3 and NUGC-2 cell lines
were obtained from Health Science Research Resources Bank
(Osaka, Japan). STKM-1 and STKM-2 cell lines were kindly
provided by Dr. Shunsuke Yanoma (School of Medicine, Yoko-
hama City University, Japan).

Chemicals. Nutlin-3 and 5-FU were purchased from Calbio-
chem (San Diego, CA, USA) and Wako (Osaka, Japan), respec-
tively. Cisplatin (CDDP) was obtained from Toronto Research
Chemicals (North York, ON, Canada). All reagents were used in
different concentrations as indicated.

Immunoblot analysis. Both SDS-PAGE and Western blot
analysis were carried out as previously described.®® Primary
and secondary antibodies used were as follows. Monoclonal
antibodies against MDM2 (2A10), MDM4 (MDMX-82).
p21**F! (EA10), and Noxa (114C307) were purchased from
Abcam (Cambridge, MA, USA). Anti-MDM4 (D-4) antibody
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA.
USA). Anti-p53 mouse mAb (BP53-12) was purchased from

3To whom correspondence should be addressed.
E-mail: ihyodo@md.tsukuba.ac.jp
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Cell Sciences (Canton. MA, USA). Anti-pl4*RF (DCS-240)
mouse monoclonal, ALP-conjugated goat anti-mouse IgG, and
ALP-conjugated anti-rabbit IgG antibodies were obtained from
Sigma-Aldrich (St. Louis, MI, USA). Rabbit anti-cleaved poly
(ADP)-ribose polymerase (PARP; Asp214) and anti-B-actin
mAbs were procured from Cell Signaling Technology (Danvers,
MA, USA).

Real-time quantitative PCR analysis of MDM2 and MDM4 gene
copy numbers. DNA samples were extracted from cell lysate
using a QIAamp DNA mini kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instructions. Real-time
quantitative PCR was carried out using a Roche LightCycler
480 Real-Time PCR System (Roche Applied Science, Man-
nheim, Germany). Primers and TagMan probe for MDM2,
MDM4, and the reference gene of MRPL19® were obtained
from Applied Biosystems (Foster City, CA, USA; Table 1).
Reactions were carried out in triplicate under standard thermo-
cycling conditions using 20 ng genomic DNA, 200 nM primers,
I uM probes, and LightCycler 480 Probes Master (Roche
Applied Science), according to the manufacturer’s protocol.

DNA extracted from the cell lines and fibroblasts was ana-
lyzed for relative amount of the target gene (MDM2, MDM4)
and reference gene (MRPLI9) by quantitative real-time PCR.
The relative copy number (Q) of MDM2 versus MRPLI9 was
calculated using the following equation:™”

a r———— Gastric cancer cell lines —————
 Positive control ~r wt p53 L mtp§3 —
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Table 1. Polymerase chain reaction primers and TagMan probes
used in this study
Gene Sequence
MDM2
Forward primer 5"-CAGGACATCTTATGGCCTGCTT
Reverse primer 5-GGGCAGGGCTTATTCCTTTT
Probe 5’-FAM-CATGTGCAAAGAAGCTA
MDM4
Forward primer 5-TCCCTGCAACTCAGTGGAATT
Reverse primer 5-TGAGATGGTCTCTTGGCTTTCA
Probe 5-FAM-TTGGATTTGGCTCACAGTT
MRPL19
Forward primer 5’-GCTAAACAGAAGGCTCACCACAA
Reverse primer 5-CACATTTCTGCAACATCCAG
Probe 5-FAM-ATCTGGCAGGATTATACT
Q =qT/qN,
_yr T
qT - vmrgel gene / memnce gene )
_ yN N
qN - erger gene / Vreference gene*
© uom

2 4

£
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Fig. 1. Expression of human homolog of murine double minute 2 (MDM2), MDM4, and p53 in gastric cancer cells. (a) MDM2, MDM4, p53, and
p14°% expression in seven gastric cancer cell lines was examined by immunoblotting. (b) Four cell lines with wild-type (wt) p53 (MKN-45, NUGC-
4, STKM-2, and SNU-1) and one cell line with mutant-type (mt) p53 (NUGC-3) were exposed to various concentrations of 5-fluorouracil (5-FU) for
24 h and analyzed for p53 and p21"**'expression by immunoblotting. (c) DNA amplification of MDM2 and MDM4 in gastric cancer cells by
quantitative real-time PCR. Copy numbers of MDM2 and MDM4 in gastric cancer cell lines were compared with those in fibroblasts using

MRPL19 as a reference gene.
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Fig. 2. Nutlin-3 inhibits the growth of gastric cancer cells with wild-type (wt) p53. All experiments were carried out in triplicate and the results

are expressed as the mean = SE. mt, mutant-type.

where qT is the ratio of the target gene versus the reference gene
DNA quantity in the cell line; qN is the ratio of the target gene
versus the reference gene DNA quantity in fibroblasts: V[, po—
is the relative DNA quantity of the target gene in the cell line;
/ is the relative DNA quantity of the target in fibro-
blasts: Vi rerence gepe 18 the relative DNA quantity of the reference
gene in the cell Iine: and V¥ is the relative DNA quan-
tity of the reference gene in fibroblasts.

Cell viability assays. WST-8 colorimetric assays were carried
out using a Cell Counting kit-8 (Dojin Laboratories, Kumamoto,
Japan) according to the manufacturer’s protocol. Cells were
seeded into 96-well plates at 5 x 10" cells/well with 100 pL
culture medium for 24 h, treated with nutlin-3 and 5-FU for

h, then analyzed with an iMark microplate reader (Bio-Rad,

/
Larget gene,.

2
‘ercules, CA. USA).

Analysis of cell cycle and apoptosis. Cells were seeded into
60-mm dishes at 5 x 10°/dish. After incubation with nutlin-3
(10 pM) or an equivalent amount of DMSO for 24 h, cells were
gently lifted with Accutase (US Biotechnologies, Parker Ford,
PA, USA) at room temperature for 10 min. The cells were then
washed once with PBS and stained with a Cycletest Plus DNA
reagent kit (BD Biosciences, Franklin Lakes, NJ, USA) accord-
ing to the manufacturer’s protocol. Apoptotic cells were
detected by double staining with propidium iodide (PI) and ann-
exin V labeled with FITC using an Annexin V-FITC Apoptosis
Detection kit (Beckman Coulter, Brea. CA, USA) according to
the manufacturer's protocol. Flow cytometry was carried out
using a FACSCalibur flow cytometer and CellQuest software
(both BD Biosciences). The percentage of cells in different cell
cycle phases was calculated using ModFit LT (Verity Software
House, Topsham, ME, USA).

Combination index. To determine whether nutlin-3 can
enhance the antitumor effects of conventional chemotherapeutic
agents, we used combination index (CI) and an isobologram cal-
culated using CalcuSyn software (Cambridge, UK) according
to the Chou and Talalay median effect principle.”" In this
analysis: CI > 1.3 indicates antagonism; CI = 1.1-1.3 moderate

Endo et al.

antagonism; CI = 0.9-1.1 additive effect; CI = 0.8-0.9 slight
synergism; CI = 0.6-0.8 moderate synergism; CI = 0.4-0.6 syn-
ergism; and CI = 0.2-0.4 strong synergism.

In vivo antitumor effects of nutlin-3 and 5-FU. Female
BALB/c nude mice (5-6 weeks old) were obtained from
Charles River Japan (Kanagawa, Japan) and maintained under
specific pathogen-free conditions in a temperature and humidity
controlled environment. MKN-45 cells were suspended in
Hank’s balanced salt solution (Sigma-Aldrich), and the cell con-
centration was adjusted to 5 x 10%/uL. Then 100 pL of the
adjusted cell suspension of MKN-45 was injected s.c. into the
right flank of mice under anesthesia. Ten days later. the s.c.
xenografted tumors grew to approximately 5-6 mm in diameter.
The mice were randomly assigned to four groups (n =6 per
group) as follows: nutlin-3 alone (40 mg/kg). 5-FU alone
(40 mg/kg), nutlin-3 (40 mg/kg) plus 5-FU (40 mg/kg), and
control (DMSO). Nutlin-3. 5-FU, and DMSO were injected i.p.
every 2 days for 2 weeks (six doses). Tumor volume was mea-
sured with a caliper twice a week and calculated using
V = length x width” x 0.52, derived from the formula®? for the
volume of an ellipsoid. To monitor health, the mice were
weighed every 2 days and their general physical status was
recorded daily.

Statistical analysis. Statistical significance of differences
between various groups was evaluated using Dunnett’s or
Tukey’s test. A difference between the experimental groups was
considered statistically significant when the P-value was <0.05.

Results

Expression of p53 and molecules regulating p53. MKN-45
cells expressed a high level of MDM2, which was slightly lower
than that in SISA-1 cells (MDM2 positive control). Enhanced
MDM4 expression was detected in SNU-1 cells and the MDM4
expression level was intermediate between those in Weri-1 and
MCEF-7 cells (MDM4 positive controls). The other two cell lines
with wt p53 and three cell lines with mt p53 did not express
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either MDM2 or MDM4 at high levels (Fig. l1a). Among the wt
p33 cell lines, SISA-1, Weri-1, MKN-45, and SNU-1 cells
expressed relatively high p53 levels, whereas MCF-7, NUGC-4,
and STKM-2 cells expressed lower p53 levels, indicating that
the p53 level was positively related to either the MDM2 level or
MDM4 level The cell lines with mt p53 showed very high p53
levels. p14*%" was detected only in STKM-1. To estimate
whether p53 function is intact, four cell lines with wt p53
(MKN-45, NUGC-4, STKM-2, and SNU- 1) and one cell line
with mt pﬁ? (NUGC-3) were exposed to vanous LOTl(.CﬂtlelOﬂb
of 5-FU for 24 h then analyzed for p53 and p21™* levels All
cell lines with wt p53 accumulated p53 and p21"**', whereas
the cell line wnth mt p53 expressed a similar p53 level and unde-
tectable p2 214 Jevel (Fig. 1b).

Fig. 3. Effects of nutlin-3 on p53 and p21"4F7
expression and cell cycle distribution in gastric
cancer cells with wild-type (wt) p53. (a) Time-course
analysis of the expression of p53 and its
downstream molecule p21"4F" in gastric cancer
cells treated with nutlin-3. (b) Cell cycle distribution
in gastric cancer cell lines with wt p53 treated with
nutlin-3. MDM, human homolog of murine double
minute; mt, mutant-type.

Real-time quantitative PCR analysis of MDM2 and MDM4 copy
numbers in gastric cancer cell lines. Among the cell lines. only
MKN-45 cells contained a twofold or higher MDM2 copy num-
ber than fibroblasts. The copy number of MDM4 in SNU-1 cells
was the same as those in fibroblasts and other cell lines with wt
p53, indicating that MDM4 protein overexpression in SNU-1
cells was not caused by gene amplification (Fig. 1c).

Effects of nutlin-3 on cell growth of gastric cancer cell
lines. Gastric cancer cell lines with wt p53 were cultured in the
presence of nutlin-3 (0.2, 1, 5, 10, and 20 pM) for 3 days. A
dose-dependent growth suppression was observed in all cell
lines with wt p53. Their ICsq values ranged from 2.21 to
2.47 uM. which were equivalent to those of the MCF-7 and
SISA-1 cell lines (Fig. 2). Nutlin-3 most effectively decreased
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SNU-1 cell viability (94.8% at 10 uM) compared with the via-
bility of the other cell lines (72.8-81.1%). NUGC-3 cells carry-
ing mt p53 were resistant to nutlin-3 (ICs, = 35.1 M, data not
shown).

Effects of nutlin-3 on expression of p53, MDM2, p2 , and
MDM4. Both wt p53 and mt p53 cells were exposed to nutlin-3
(10 uM) for 0, 4, 8, and 24 h (Fig. 3). Nutlin-3 accumulated p53
as early as 4 h fo]lowin}g exposure, with concomitant induction
of MDM2 and p21™**". In SNU-I cells expressing a high
MDM4 level, nutlin-3 inversely decreased MDM4 level. MDM4
expression was hardly detected in the other cell lines with wt
p53. and nutlin-3 showed no apparent effect on its expression in
these cell lines. In the NUGC-3 cell line carrying mt p53, nutlin-
3 treatment did not increase the MDM2 expression level.

Effects of nutlin-3 on cell cycle in gastric cancer cell lines with
wt p53. MKN-45 and SNU-1 cell lines were used for examina-
tion of cell cycle distribution after incubation with nutlin-3
(10 pM: Fig. 3b). Twenty-four hours after treatment with nut-
lin-3, the cell fraction of S phase decreased from 54.7% to 0%
and the cell fraction of G; phase reciprocally increased
from 42.8% to 100% in the MKN-45 cell line. Similarly, nutlin-
.; exposure decreased the cell fraction of S phase from 39.1% to

2% and increased the cell fraction of G| phase from 58.6% to

1WAF1

wtpb3

97.6% in the SNU-1 cell line. These results showed that nutlin-3
induced G, arrest in these cell lines.

Activation of p53 by nutlin-3 and apoptotic cell death in
gastric cancer cells with wt p53. MKN-45, NUGC-4, SUN-1,
and NUGC-3 cells were exposed to nutlin-3 (10 pM) or an
equivalent amount of control vehicle (DMSO) for 72 h, then
tumor cells were stained with FITC—annexin V and PL The cells
were analyzed by flow cytometry; cells negative for both ann-
exin V and PI were considered to be non-apoptotic, cells posi-
tive for annexin V only were considered to be early apoptotic,
and cells positive for both annexin V and PI were considered to
be late apoptotic or necrotic. Exposure of MKN-45 cells to nut-
lin-3 increased the fractions of the early and late phases of apop-
tosis from 4.6% to 28.4% and from 4.3% to 10.3%. respectively
(Fig. 4a). Similar increases in populations of the early and late
phases of apoptosis were observed in the other two wt p53 cell
lines (NUGC-4, SNU-1). In contrast, nutlin-3 showed no effects
on the population of apoptotic NUGC-3 cells.

Next, the expressions of Noxa, a p53-responsive pro-apoptotic
gene product, and cleaved PARP, a marker of caspase 3 activa-
tion, were examined in the cell lines with wt p53 0, 4. 8, and
24 h after exposure to nutlin-3 (10 pM). The p53 accumulation
was detected as early as 4 h after nutlin-3 exposure, and this
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Fig. 4.

Induction of apoptotic cell death by nutlin-3 in gastric cancer cell lines with wild-type (wt) p53. (a) Detection of apoptotic cell death in

gastric cancer cell lines with wt p53 exposed to nutlin-3. Three cell lines with wt p53 (MKN-45, NUGC-4, and SNU-1) and one with mutant-type
(mt) p53 (NUGC-3) were treated with nutlin-3 (10 pM) or a vehicle control for 72 h. (b) Effects of nutlin-3 on expression of apoptosis-related
proteins (Noxa and cleaved poly (ADP)-ribose polymerase [PARP]) in gastric cancer cell lines with wt p53.
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accumulation was accompanied by the expression of Noxa and
cleaved PARP in all four cell lines (Fig. 4b).

In vitro antitumor effects of 5-FU and CDDP alone or in
combination with nutlin-3 in gastric cancer cells with wt
p53. We examined whether nutlin-3 can enhance the antitumor
effects of conventional chemotherapeutic agents. 5-FU and
CDDP, in gastric cancer cell lines with wt p53. Specifically, the
cell lines with wt p53 (MKN-45, NUGC-4, STKM-2, and SNU-
1) were treated with 0.25 or | pM 5-FU alone or 1 yM CDDP
alone or in combination with various concentrations (1, 2, and
5 uM) of nutlin-3 (Fig. 5).

The 5-FU and nutlin-3 combination showed an apparent addi-
tive effect in MKN-45, STKM-2, and SNU-1 cells but not in
NUGC-4 cells. The CDDP and nutlin-3 combination showed an
apparent synergistic effect in MKN-45, STKM-2, and SNU-1
cells (Table 2). NUGC-4 cells required a higher concentration
of CDDP (5 pM) to achieve a synergistic effect with nutlin-3
than the other three cell lines.

In vivo antitumor effects of nutlin-3 alone or in combination
with 5-FU. The in vivo antitumor effects of nutlin-3 alone or in
combination with 5-FU were analyzed in an MKN-45 xenograft
tumor model in nude mice. Injections of nutlin-3 (40 mg/keg,
i.p.) or 5-FU (40 mg/kg, i.p.) were well tolerated. No major
adverse effects on body weight were observed in the groups of

nutlin-3 alone, 5-FU alone, or 5-FU plus nutlin-3 compared with
the control group. Both nutlin-3 alone and 5-FU alone
significantly inhibited the growth of xenograft tumors compared
with the control (Fig. 6a). The combination of these agents
showed more potent growth inhibitory effects than did each
agent alone.

All mice were killed on day 27, and tumors were excised and
weighed. The tumor weights in the nutlin-3 and 5-FU groups
were reduced to 58% and 40%, respectively, of that in the con-
trol group (Fig. 6b,c). The combination treatment decreased
tumor weight to approximately 21% of the control tumor
weight. and the weight was significantly less than those in mice
treated with nutlin-3 alone or 5-FU alone (Fig. 6b).

Discussion

Mutation or deletion of p53 has been found in approximately
30% of gastric cancers and in approximately 50% of all cancers.
This initially suggests that an impaired p53 signal is one of the
abnormalities leading to carcinogenesis, and that such impair-
ment might be less important in gastric carcinogenesis. How-
ever, abnormalities in genes regulating p53, such as p/4*%F,
MDM?2, and MDM4, as well as abnormalities in downstream
genes regulated by p53, have been frequently observed in many
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Fig. 5. Cytotoxic effects of chemotherapeutic drugs 5-fluorouracil (5-FU) and cisplatin (CDDP) and enhancement of effects by nutlin-3 in gastric
cancer cells with wild-type (wt) p53. The cells were cultured for 72 h with the indicated concentrations of nutlin-3 and chemotherapeutic drugs.
(a) 5-FU (0.25 or 1 uM) was given in combination with nutlin-3. (b) CDDP (1 pM) was given in combination with nutlin-3. Statistical significance
of differences between groups was evaluated using Dunnett's test. *P < 0.01; **P < 0.05.
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Table 2. Combination index (Cl) of nutlin-3 plus 5-fluorouracil (5-FU) or cisplatin (CDDP) for gastric cancer cells

a
Nutlin-3 (uM) 5-FU (uM)
MKN-45 NUGC-4 STKM-2 SNU-1
1.00 0.25t or 1.00 1.09 2.21 1.46 1.12
2.00 0.25t or 1.00 0.90 1.56 1.20 1.02
5.00 0.251 or 1.00 0.79 1.49 0.95 0.94
CDDP (uM)
1.00 1.00 0.52 1.40 0.83 0.81
2.00 1.00 0.60 0.96 0.62 0.44
5.00 1.00 0.58 0.51 0.53 0.36

+MKN-45 and NUGC-4 cells were treated with 0.25 pM 5-FU. The combined cytotoxic effect of 5-FU or CDDP
and isobologram. Cl > 1.3, antagonism; CI = 1.1-1.3, moderate antagonism; Cl = 0.9-1.1, additive effect; Cl =

with nutlin-3 was determined by Ci
0.8-0.9, slight synergism;

Cl = 0.6-0.8, moderate synergism; Cl = 0.4-0.6, synergism; Cl = 0.2-0.4, strong synergism.

45 tumor-bearing BALB/c nude mice treated with
either vehicle control or nutlin-3 and 5-FU.

cancer cells. This led to the hypothesis that abnormality in the
p53 signal pathway, which is found in almost all cancer cells, is
the hallmark of cancers.®*3* Our results indicating the efficacy
of nutlin-3 in all gastric cancer cell lines with wt p53 (Figs 2-4)
are in agreement with those of recent studies investigating nut-
lin-3 efficacy in other malignancies.?*33%% Taken together,
these results clearly support the above hypothesis that an
impaired p53 signal pathway by downregulated p33 plays a crit-
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ical role in the carcinogenesis of cells with wt p53, and the res-
toration of this p53 signal by nutlin-3 is indeed a very attractive
therapeutic strategy for the control of cancers with wt p33.
SNU-1 cells with MDM4 overexpression were highly sensi-
tive to treatment with nutlin-3 in our study. Previous studies
have shown that other types of cancer cells with overexpression
of MDM4 are resistant to nutlin-3.°"7% The underlying
reason for this discrepancy remains unclear. Another study has
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substantiated that MDM4 reduction was caused by MDM2 accu-
mulation as induced by nutlin-3-reactivated p53 in cancer cells
overexpressing MDM4.° 1t suggests that this effect was medi-
ated by ubiquitin ligase activity of MDM2. We showed that
MDM4 in SUN-1 cells was decreased by the nutlin-3 exposure
as the report pointed out, and also confirmed that the proteasome
inhibitor MG 132 inhibits this MDM4 reduction induced by nut-
lin-3 (data not shown). Therefore, MDM2 accumulation after
nutlin-3 treatment was considered to facilitate MDM4 degrada-
tion in SNU-1 cells, and this might result in the susceptibility to
nutlin-3 in SNU-1 cells. Another previous report suggested that
the K-Ras oncogene and insulin-like growth factor 1 induce
MDM4 expression through activation of mRNA transcrip-
tion."” These other activation mechanisms of MDM4 might
have caused the different sensitivity of MDM4 overexpressed
cells to nutlin-3.

Nutlin-3 could not accumulate MDM2 in NUGC-3 cells with
mt p53 even at the high dosage of 40 uM (data not shown). We
observed less expression of MDM2 in cells with mt p53 before
the exposure of nutlin-3. This indicates the disruption of normal
p53-MDM2 interaction (positive feedback of accumulated p53
to MDM2), and therefore, MDM?2 would not increase after nut-
lin-3 in NUGC-3 cells.

We found that nutlin-3 worked additively with 5-FU and syn-
ergistically with CDDP in the gastric cancer cell lines with wt
P33 (Table 2). 5-Fluorouracil and CDDP were selected as com-
bination drugs for nutlin-3 because they are widely used for the
treatment of patients with advanced gastric cancers.*" 5-Fluo-
rouracil is an antimetabolite that inhibits DNA and RNA synthe-
sis, resulting in cell growth inhibition. It was previously
reported that 5-FU exerts cytotoxic effects through ribosomal
stress, which leads to inhibition of rRNA processing and inhibi-
tion of MDM2-p53 interaction. > This mechanism of p53
activation by 5-FU might be similar to that by nutlin-3, therefore
these two drugs might occasionally work competitively, provid-
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“

ing a possible explanation as to why the antitumor effect of
5-FU was not always enhanced synergistically by nutlin-3. In
contrast, CDDP inhibits DNA function directly by DNA interca-
lation, resulting in DNA damage and p53 activation.”*®’ It has
recently been reported that nutlin-3 does not diminish CDDP-
induced p53 activation.”” Moreover. proapoptotic responses,
including caspase 3 and caspase 7, have been shown to be sig-
nificantly enhanced with the nutlin-3 and CDDP combination in
cancer cells with wt p53.C®

Nutlin-3 induced pS53 accumulation, and 5-FU, which is a key
drug in clinical chemotherapy for advanced gastric cancer,
exerted an additive antitumor effect against MKN-45 in vitro.
Moreover, no reports have been published indicating the antitu-
mor effects of combined treatment with 5-FU and nutlin-3 in
animal experiments. Therefore, we carried out in vivo experi-
ments using a xenograft tumor model of the MDM2 overexpres-
sed cell line MKN-45 and found that the antitumor effects of
5-FU plus nutlin-3 were superior to those of either agent alone
without major adverse effects, including body weight loss and
diarrhea (Fig. 6).

In conclusion, nutlin-3 alone or in combination with conven-
tional anticancer agents is a novel therapeutic strategy for gas-
tric cancer with wt p53.
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