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by the action of M6G [6]. In contrast, M3G decreases the
analgesic activity of morphine and M6G [6]. Therefore,
polymorphisms in the UGT2B7 gene are associated with
interindividual variability in the pharmacokinetics of
morphine and its metabolites. Although the effects of
genetic polymorphisms in UGT2B7 on the pharmacokinet-
ics of morphine and its efficacy in patients with cancer
have been reported [7, 8], whether such polymorphisms
influence morphine-related adverse reactions remains
unclear.

Efflux transporter P-glycoprotein [ATP-binding cas-
sette, sub-family B, member 1 (ABCB1)], coded by the
ABCBI gene, is a major determinant of the intracellular
concentration of morphine and its metabolites, M6G and
M3G [9]. ABCBI can limit the entry of morphine and its
metabolites into the brain and actively pump the drug out
of the central nervous system. It is thus an important com-
ponent of the blood-brain barrier [10]. So far, a variety of
polymorphisms in the ABCBI gene have been identified
[11]. Recently, Campa et al. [12] have shown that pain-
relief variability in patients with cancer is significantly
associated with 3435C > T in the ABCBI gene. This find-
ing suggests that genetic variability of ABCBI may affect
morphine disposition in the central nervous system. How-
ever, few studies have examined the relation between
ABCBI genetic polymorphisms and morphine-induced
adverse drug reactions in patients with cancer who receive
morphine.

The primary site of action of morphine is the y-opioid
receptor, which is encoded by the opioid receptor ul
(OPRM1) gene. OPRM1 is thus an initial candidate gene
for studies evaluating the role of polymorphisms in the
clinical response to morphine. A variety of polymor-
phisms have been identified in the OPRMI gene [I3,
14]. The most prevalent polymorphism in the OPRMI
gene is a nucleotide substitution 118A > G, causing
amino acid change N40D at a putative N-glycosylation
site in the extracellular region of the receptor. Recently,
118A > G was demonstrated to lower mRNA and func-
tional protein expression in human brain tissue and in
transfected cells [15]. To date, the association between
single nucleotide polymorphism (SNP) and the efficacy
of morphine has been relatively well investigated. Can-
cer patients homozygous for the G allele were found to
be poor responders to morphine [12] and to require
higher doses of morphine tc relieve pain [16]. However,
the association between 118A > G in OPRMI and mor-
phine-induced adverse reactions in patients with cancer
remains unclear.

We examined the effects of polymorphisms in the
UGT2B7, ABCBI, and OPRM1 genes on morphine-related
adverse reactions in patients with cancer who received
morphine therapy.
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Methods
Materials

Morphine hydrochloride was kindly provided by Shionogi
(Osaka, Japan). M3G, M6G, and naloxone hydrochloride
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All chemicals and solvents were of the highest grade
commercially available.

Patients

Japanese patients with cancer who were receiving con-
trolled-release morphine sulfate tablets (MS Contin, Shion-
ogi, Osaka, Japan) to relieve cancer pain were enrolled.
The protocols for the pharmacokinetic study of morphine
and its metabolites and the pharmacogenetic study were
approved by the Institutional Review Board of Saitama
Medical University. All patients gave written informed
consent for their peripheral blood. samples and medical
information to be used for research purposes.

Treatments

Controlled-release morphine sulfate tablets were orally
administered to patients according to the standard protocol
described in the package insert. When the initial dose was
appropriate to relive pain, the dose was determine as mainte-
nance dose. If necessary, the initial morphine dose was mod-
ified to achieve the pain relief. When the pain was relieved
enough by the modification of dose, the dose was determined
as the maintenance dose. If patients did not tolerate with
morphine treatment because of adverse events, the dose was
adopted as maintenance dose. Thus, maintenance dose
depended on the pain intensity of the patients and suscepti-
bility of them to morphine. When the maintenance dose was
obtained, morphine-induced adverse events were evaluated.

Morphine-induced adverse reactions

Morphine-induced adverse events, including constipation,
nausea, vomiting, drowsiness/confusion, and fatigue,
were evaluated according to the National Cancer Institute
Common Toxicity Criteria (NCI-CTCAE), Version 3.0.

Genotyping

Genomic DNA was extracted from 200 pl of peripheral
blood, which had been stored at —80°C until analysis, with
the use of a QIAamp Blood Kit (QIAGEN GmbH, Hilden,
Germany).

UGT2B7 gene fragments containing 211G>T
[rs12233719, A71S] and 802C>T [rs7439366, H268Y,
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UGT2B7%2] were amplified by polymerase chain reaction
(PCR). Genomic DNA samples (100 ng) were added to the
PCR mixtures (50 pl), consisting of 1x PCR buffer, 3 mM
MgCl, for 211G >T or 4 mM MgCl, for *2, 0.25 uM of
each primer, 200 uM dNTPs, and 1.25 U of AmpliTaq Gold
DNA polymerase (Applied Biosystems, CA, USA). The
PCR primers used to amplify the UGT2B7 gene fragments
containing the respective polymorphisms were 2B7A71S-F
(5'-TTAGTTTTGTGTCAATGGACTGCAGAAAC-3") and
2B7A71S-R  (5'-AAATAAGTTAGAGCTTCATGTTACT
GATTG-3") for 211G>T, and 2B7*2-F (5'-CTGTCAG
GAAGACCCACTAC-3")y and 2B7*2-R (5'-TTTACCTTA
GGCAGGGGTTT-3') for 802C>T. All amplifications
included a 15-min initial denaturation at 94°C. PCR was per-
formed under the following conditions: 30 s at 94°C (40 s for
*2), 40 s at 57°C (30 s at 56°C for *2), and 1 min at 72°C for
211G >T (30s for *2) for 30 cycles, followed by a final
extension at 72°C for 3 min. After the purification of the
PCR products with QIAquick PCR purification kit (QIAGEN
GmbH, Hilden, Germany), direct sequencing was performed
with BigDye terminator var. 3.1 cycle sequencing kit and on
a 3130 genetic analyzer (Applied Biosystems, CA, USA).

Gene fragments of ABCBI that included 1236C>T
[rs1128503, G412G], 2677G>T, A [rs2032582, A893T,
S], and 3435C > T [rs1045642, 11145I] were amplified by
PCR. Forward and reverse primers used for PCR to amplify
ABCBI gene fragments containing these polymorphic sites
were ABCBI1-1236F (5'-TGAATGAAGAGTTTCTGATGT
TTTCTTG-3') and ABCB1-1236R (5'-ATACATTTGTAAT
TGAAAGGGCAACAT-3"), ABCB1-2677F (5'-AATGAAT
ATAGTCTCATGAAGGTGAGTTTT-3') and ABCB1-2
677R (5'-CATTCTTAGAGCATAGTAAGCAGTAGGG-3"),
and ABCB1-3435F (5'-TGGCAGTTTCAGTGTAAGAAA
TAATGA-3") and ABCB1-3435R (5'-TAATTTCTCTTCA
CTTCTGGGAGACC-3"), respectively. PCR was carried out
in a total volume of 50 pl in the presence of 100 ng of geno-
mic DNA, 0.25 uM each primer, 1x PCR buffer, 3 mM
MgCl,, 0.2 mM dNTPs, and 1.25U of AmpliTag Gold
DNA polymerase. An initial denaturation at 94°C for
15 min was followed by 30 cycles of 0.5 min at 94°C, 40 s
at 62°C, and 40s at 72°C, as well as a final extension
period of 3 min at 72°C. PCR products were sequenced
directly as described above.

OPRM1 gene fragment containing 118A > G [rs17999
71, N40D] was amplified by means of PCR. The forward
and reverse primeis used were 5'-TTTCCCTCCTCCCTCC
CTTC-3’ and 5'-GCCTTGGGAGTTAGGTGTCTCTTT-3',
respectively. Genomic DNA samples (100 ng) were added to
the PCR mixtures (50 ul) consisting of 1x PCR buffer,
4 mM MgCl,, 0.25 pM of each primer, 200 uM dNTPs,
and 1.25 U of AmpliTag Gold DNA polymerase. Amplifi-
cation was performed by denaturation at 95°C for 30s,
annealing at 61°C for 40 s, and extension at 72°C for 1 min

for 30 cycles, followed by a final extension at 72°C for
3 min. PCR products were subsequently directly sequenced
as mentioned above.

Determination of morphine, M6G, and M3G

Blood samples for pharmacokinetic analysis were obtained
after oral administration of morphine. A blood sample was
arbitrarily obtained during the period between one dose of
morphine and the next dose. The samples were centrifuged
immediately, and resulting plasma samples were stored at
—80°C until analysis.

Plasma concentrations of morphine, M6G, and M3G
were analyzed by reverse-phase high-performance liquid
chromatography (HPLC). The HPLC system consisted of
an EP-300 pump, ATC-300 column thermostat, EP-300
electron chemical detector (ECD), DG-300 degasser
(Eicom, Kyoto, Japan), SIL-20A auto-sampler, SPD-
10AVVP ultraviolet (UV) detector, and C-R6A Chromat-
opac (Shimadzu, Kyoto, Japan). '

Morphine and M6G were analyzed with the use of an
ECD and a SuperODS column (4.6 x 100 mm, 2.3 um;
Tosoh, Tokyo, Japan). The oxidation potential was
750 mV. The mobile phase was a mixture of 0.1 M phos-
phate buffer (pH 2.1) containing 30 pM EDTA and 10 mM
sodium dodecyl sulfate, acetonitrile, and methanol at a ratio
of 90:8:2 (v/v). The column temperature was 40°C and the
flow rate was 1.0 ml/min.

M3G was analyzed with the use of a UV detector and an
L-column ODS (4.6 x 250 mm, 5 jun; Chemicals Evaluation
and Research, Saitama, Japan). The wavelength of the UV
detector was 210 nm, and the column temperature was 40°C.
The mobile phase consisted of 0.1 M phosphate buffer (pH
2.1) containing 30 M EDTA and 10 mM sodium dodecyl
sulfate, acetonitrile, and methanol at a ratio of 74:24:2 (v/v)
and was delivered at a flow rate of 1.0 mi/min.

The lower limits of quantification were 67.2 pg/ml
(236 pM) for morphine, 380 pg/m! (0.823 nM) for M6G,
and 496 pg/ml (1.08 nM) for M3G.

Pharmacokinetic parameters

Individual oral clearances (I/h) of morphine were estimated
by empirical Bayes estimates, based on a prior non-linear
mixed effect analysis fit, using a 1-compartment model.
Non-linear mixed effect analysis was performed with
NONMEM program version VI (Globemax LLC, Hanover,
MD, USA) to develop a population pharmacokinetic model.

Statistical analysis

Genotype and allele frequencies for each polymorphic
allele in the respective genes were determined by using
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SNPAlyze 5.1 (Dynacom, Yokohama, Japan). The signifi-
cance of deviations from Hardy—Weinberg equilibrium was
also tested with the program SNPAlyze 5.1. Linkage
disequilibrium analysis to create a pairwise two-dimen-
sional map of correlation coefficients 2 and D’ among
SNPs in the ABCBI gene was performed with SNPAlyze
5.1. Relations between the morphine maintenance dose and
morphine-induced adverse reactions were evaluated with
the use of Spearman’s rank correlation coefficient. The
Fisher’s exact test were employed to analyze the associa-
tion of UGT2B7, ABCBI, and OPRM1 diplotypes or geno-
types with morphine-related adverse events as graded by
NCI-CTCAE, ver. 3.0 (grade O versus other) (JMP version
6 software, SAS Institute, Inc., Cary, NC, USA). A P-value
of less than 0.05 was considered to indicate a statistically
significant difference,

Results

Patient characteristics and morphine-induced
adverse reactions

A total of 32 Japanese patients with cancer who received
controlled-release morphine sulfate were enrolled in this
study from July 2006 through February 2007. The patient
characteristics are summarized in Table t. The most fre-
quent tumor was breast cancer, followed by colorectal and
pancreatic cancers. Most patients (29/32) had metastases to
various organ(s). Renal function evaluated on the basis of
the serum creatinine level was normal in all patients.

Table 1 Patient characteristics

Characteristics Values Number
of patients
Age (years)® 64.5 (38-77) 32
Sex (male/female) ) 15/17
Serum creatinine (mg/dl)? 0.7 (0.5-1.2) 32
Total bilirubin (mg/dl)* 0.4 (0.2-14.4) 32
Tumor type
Breast 8
Colorectal 7
Pancreas 4
Stomach 3
Esophagus 3
Others 7
Maintenance 20/30/40/60/80 21731371411
dose (mg/day)
Metastasis
Yes/no 29/3

# Values are expressed as medians, with ranges in parentheses
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Hepatic function estimated on the basis of the total bilirubin
level was normal in all but one patient, who had a value of
14.4 mg/dl. Morphine-induced adverse reactions are shown
in Table 2. There was no relation between the maintenance
dose of morphine and the respective morphine-induced
adverse reactions (Spearman’s rank correlation coefficient).

Genotype and allele frequencies of polymorphisms
in UGT2B7, ABCBI, and OPRMI genes

The genotype and allele frequencies of polymorphisms in
the UGT2B7, ABCBI, and OPRMI genes are shown in
Table 3. Allele frequencies of polymorphisms in the
UGT2B7 and ABCBI genes were roughly equal to those
previously reported [7, 11]. The genotype and allele fre-
quencies of 118A > G in the OPRM1 gene were consistent
with the HapMap data reported for Japanese (htip://
www . ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1799971). All
polymorphisms were in Hardy—Weinberg equilibrium
(P >0.05). We found that 3435C > T in the ABCBI gene
was strongly linked to 2677G>T (#=0711 and
D’ =0.927), but not to 1236C > T, although Sai et al. [17]
demonstrated linkage among 1236C > T, 2677G > T, and
3435C>T.

UGT2B7, ABCBI, and OPRM1 genotypes

and morphine-induced adverse reactions

The UGTZ2B7*2 genotype was significantly associated
with the frequency of nausea (grades 1-3; P =0.023;
Fig. 1). The frequency of nausea was higher in patients
without UGT2B7%2 allele than others. However, the sys-
temic oral clearance of morphine did not differ signifi-
cantly between the two groups of genotype, without
UGT2B7*2 and at least one UGT2B7*2 allele. The fre-
quency of other adverse reactions were also slightly
higher in patients without UGT2B7%*2 than in those with at
least one UGT2B7*2 allele. A71S mutation was not
related to any type of morphine-induced adverse events or
to morphine clearance.

The genotype at 1236 in ABCBI gene was associated
with the frequency of fatigue (grades 1-3; P=0.012;

Table 2 Morphine-induced adverse reactions

Adverse reactions Grade Numbers
of patients
Constipation 0/1/2/3 15/12/411
Nausea 0/1/2/3 2117731
Vormniting 0/1/2/3 25/3/1/1
Drowsiness/confusion 0/1/2/3 22/1/9/0
Fatigue 0/1/2/3 18/7/6/1
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Fig. 1 UGT2B7%2 genotype and morphine-induced nausea. Bars indi-
cate medians

Fig. 2). The frequency of fatigue in patients with the T/T
genotype at 1236 was significantly lower than that with
other genotypes. The frequency of fatigue (grades 1-3) was
also significantly lower in patients with TT/TT diplotype at
2677 and 3435 in ABCBI gene than in other patients
(P =0.011; Fig. 2). Morphine oral clearance was slightly
but not significantly higher in patients with T/T genotype at
1236 or TT/TT diplotype at 2677 and 3435 than in other
patients (P = 0.103 and 0.116, Mann—Whitney U-test). The
diplotype at 2677 and 3435 in ABCBI was associated with
the frequency of vomiting (grades 1-3; P =0.011; Fig. 3).
No patient without GC allele at 2677 and 3435 suffered
from vomiting. The frequency of nausea (grades 1-3) in
patients without GC allele at 2677 and 3435 in ABCBI was
tended to be lower than others (P = 0.061). The oral clear-
ance of morphine, M6G, and M3G did not differ signifi-
cantly between these groups.

Morphine-induced adverse reactions were not associated
with the polymorphism of 118A > G in the OPRMI gene.

The maintenance dose of morphine did not differ signifi-
cantly between any two groups divided according to geno-
types or diplotype for any of the adverse reactions
described above.

Discussion

Our study showed that the grade of morphine-related adverse
reactions was associated with genetic polymorphisms in genes

Table 3 Genotype and allele frequencies of polymorphisms in the
UGT2B7, ABCBI, and OPRMI genes

Polymorphism Genotype Number Allele Frequency

(frequency)

UGT2B7 -327G>A  G/G 17(0.53) G 0.70

GIA 11034 A 030
A/A 4(0.13)

2A1G>T GIG 20091) G 095
GIT 30009 T 005
T 0(0)

802C/T c/iC 20062 C 075
ot 8(025 T 025
T 4(0.13)

ABCBI 1236C>T  CIC 5(0.16) C 038

ot 14043 T 062
T 13 (0.41)

WIIG>T, A GIG 6(0.19) G 039
GIT 9(028) T 045
GIA 4013) A 016
T/A 4(0.13)
T 8 (0.24)
A/A 1(0.03)

3435¢>T  CIC 7(022) C 05
CIT 18(056) T 05
T 7(0.22)

OPRMI 118A>G AlA 7(022) A 048

AIG 17053 G 052
G/G 8 (0.25)

that encode factors related to morphine pharmacokinetics
and pharmacodynamics, including UGT2B7, ABCBI, and
OPRMI.

The frequency of nausea was higher in patients without
UGT2B7%2 allele than others (Fig. 1); the systemic oral
clearance of morphine did not differ significantly between
the two groups. Coffman et al. [18] have demonstrated that
UGT2B7.2 is capable of catalyzing morphine to inactive
M3G more efficiently than to active M6G. Therefore, mor-
phine might be detoxified more rapidly in patients with
UGT2B7*2 than in other patients, supporting our results
that the incidence of morphine-induced adverse events was
lower in patients with UGT2B7*2.

In our study, the T/T genotype at 1236 or TT/TT
diplotype at 2677 and 3435 in ABCBI was associated with
significantly lower frequency of fatigue (Fig. 2). This
difference might be attributed to lower systemic exposure to
morphine in patients homozygous for T allele at 1236 or
TT/TT diplotype at 2677 and 3435. This notion is sup-
ported by the fact that morphine oral clearance in patients
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Fig.2 ABCBI/ genotype or 4
diplotype and morphine-related A
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Bars represent medians 3L
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3]
T
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1236C>T 2677G>T, A and 3435C>T

with T/T genotype at 1236 or TT/TT diplotype at 2677 and
3435 tended to be higher than that in other patients. How-
ever, Meineke et al. [19] showed that the TT genotype of
3435C > T is associated with lower ABCB1 expression.
To date, the functional effects of 1236C > T, 2677G > T,
A, and 3435C > T in the ABCBI gene on the pharmacoki-
netics, efficacy, and adverse events of drugs remain
controversial [20-32]. Further studies are necessary to elu-
cidate the roles of these polymorphisms on the functions
of ABCBI.

The frequency of vomiting was significantly higher in
patients with one GC allele at 2677 and 3435 than in other
patients (Fig. 3). In contrast, Coulbaut et al. [33] demonstrated
that the GC/GC diplotype at 2677 and 3435 in the ABCBI
gene was significantly associated with lower incidences of
morphine-related nausea and vomiting as evaluated by the use
of ondansetron. The results of these studies do not agree with
our findings. One reason for the discrepancy may the differ-
ence in the administration route of morphine. In our study,
morphine was administered orally, whereas in the study by
Coulbaut et al. [33], morphine was administered intravenously
to control postoperative pain. Since orally administered mor-
phine is subject to the actions of ABCBI expressed in the
small intestine, the effects of polymorphisms in the ABCBI
gene on pharmacokinetics might differ between intravenously
and orally administered morphine.

Although Campa et al. {12] have shown that pain-relief
variability in patients with cancer is significantly associated
with 3435C > T in the ABCB/ gene, they have not found
any relations between morphine-induced adverse events
and ABCBI polymorphisms, which was inconsistent with
our present results.

Morphine-induced adverse reactions were not associated
with the polymorphism of 118A > G in the OPRMI gene.
As reported previously, cancer patients homozygous for the
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G allele were found to be poor responders to morphine [12]
and to require higher doses of morphine to relieve pain
[16]. These findings suggest that morphine-related adverse
reactions are likely to occur in patients with G allele at 118,
given that the mechanism of morphine-induced adverse
events involves OPRM1. However, our results do not sup-
port this notion. Further analysis is necessary to confirm
whether morphine-induced fatigue is directly related to the
function of OPRM1.

It has been reported that V158M in catechol-O-methyl
transferase (COMT) is associated with the response of mor-
phine and further with morphine dose requirement [34]. We
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are now investigating the association of morphine-related
adverse events with polymorphisms in COMT, together
with polymorphisms in UGT2B7, ABCBI, and OPRMI
which we have not yet examined.

Large prospective studies are needed to determine
whether genetic testing for UGT2B7, ABCBI, and OPRM!
helps to predict the risk of morphine-induced adverse
reactions and to elucidate the detailed mechanisms of
morphine-related adverse events, taking into account
medical aspects as well as cost effectiveness.
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ABSTRACT

Stem cells have the remarkable ability to self-renew and
to generate multiple cell types. Nucleostemin is one of pro-
teins that are enviched in many types of stem cells. Tar-
geted deletion of nucleostemin in the mouse results in
developmental arrest at the implantation stage, indicating
that nucleostemin is crucial for early embryogenesis. How-
ever, the molecular basis of nucleostemin function in early
mouse embryos remains largely unknown, and the role of
nucleostemin in tissue stem cells has not been examined by
gene targeting analyses due to the early embryonic lethal-
ity of nucleostemin null animals. To address these ques-
tions, we generated inducible nucleostemin null embryonic

stem (ES) cells in which both alleles of nucleostemin are
disrupted, but nucleostemin ¢cDNA under the confrol of a
tetracycline-responsive transcriptional activator is intro-
duced into the Rosa26 locus. We show that loss of nucleos-
temin results in reduced cell proliferation and increased
apoptosis in both ES cells and ES cell-derived neural
stem/progenitor cells, The reduction in cell viability is
much more profound in ES cells than in neural stem/pro-
genitor cells, an effect that is mediated at least in part by
increased induction and accumulation of p53 and/or acti-
vated caspase-3 in ES cells than in neural stem/progenitor
celts. STem CELLS 2009,27:1066-1076

Disclosure of potential conflicts of interest is found at the end of this article,

INTRODUCTION

Stem cells possess two remarkable abilities: 1o self-renew and
to generate all the differentiated cell types in the tissue in
which they reside [1]. Gene expression profiling data from
many tissues have led to the identification of genes that are
expressed in many types of stem cells. some of which are
required for self-renewal [2-5]. Sox2 [6-8]. Zfv [9], Jam-B
[10], and nucleostemin [11] are examples of genes expressed
in a variety of stem cells. Nucleostemin is a nucleolar GTP-
binding protein that regulates cell cycle progression and is
required for early embryogenesis. with deletion of the gene
resulting in embryonic lethality at around 3.5 days postcoitum
(d.p.c) {12, 13]. As nucleostemin is known to interact with
the tumor suppressor protein p33, this raises the possibility
that the embryonic lethality in nucleostemin mutants might be
caused by loss of nucleostemin-mediated p33 repression.
However, as loss of p53 fails to rescue the nucleostemin phe-
notype. it is unlikely that p53 alone mediates nucleostemin
function in cell proliferation [12]. Nucleostemin protein is
detected at high levels in the nucleus. particularly the nucleo-

tus, of stem cells, but is lost abruptly when the cells are
induced to differentiate {11, 14]. Thus, it is generally assumed
that nucleostemin plays an important role in stem cell prolif-
eration. However, with the exception of a few studies using
stromal stem cells from adult human bone marrow [15], most
studies investigating nucleostemin function have been per-
formed using nonstem cells, such as U20S osteosarcoma cells
[16-18]. The role of nucleostemin in stem cells is therefore
still unclear.

Here. we demonstrate that nucleostemin plays a crucial
role in controlling the cell proliferation rate and apoptosis
level in embryonic stem (ES) cells and ES cells-derived neu-
ral stem/progenitor cells. We generated nucleostemin knock-
out ES cells carrying a tetracycline-regulatable nucleostemin
expression cassetie (mecleostemin™ ™ Rosa26-NS$). In accord-
ance with previous data demoustrating that Oct-3/4 is strongly
expressed in inner cell mass cells of nucleostemin null blasto-
cysts {12], our data indicate that nucleostemin is not involved
in maintaining pluripotency of ES cells. Our data also demon-
strate that nucleostemin is not required for preserving multi-
potency of neural stem/progenitor cells. Tnterestingly, loss of
nucleostemin shows a stronger effect in ES cells than in
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neural stem cells. Nucleostemin null neural stem cells can
propagate, albeil slowly, whereas no viable null ES cells can
be maintained during a long culture period. Our data suggest
that this difference is at least partly due to the differences in
magnitude of p53 and/or caspase-3 activation between these
two different stem cell types.

MATERIALS AND METHODS

Plasmid Construction

To generate a targeting vector for the nucleostemin locus, a
Xhol/Ascl 4.9 kb 5’ flanking region including the first exon was
used for the upstream homologous region, whereas a Sall/EcoR1
2.7 kb DNA fragment cairying the regions from exon 12 to the
end of the gene was used for the downstream homologous region.
These two DNA fragments were subcloned into the pBR322-base
plasmid and the JRES-f-geo reporter gene [19] was inserted
between them. For Tet-off expression of the nucleostemin gene,
nucleostemin ¢cDNA was subcloned into the Xhol/Not! sites of
the exchange vector pZhCSfi, together with the polyA signal
from bovine growth hormone gene [20]. The Cre recombinase
expression vector pCAGGS-Cre has been described elsewhere
[21]. For construction of the Flag-Bcl-2 expression vector, the
Flag sequence was placed in front of the entire coding region of
Bel-2 and the resuitant Flag-Bcl-2 DNA fragment was subcloned
into the EcoRI site of pCAGIPuro so that a Flag-Bcl-2-IRES-pu-
romycin fusion RNA transcript is generated in cells {22]. Con-
struction of the luciferase reporter plasmid with multimerized p53
binding sites was done by subcloning oligonucleotides containing
four copies of the p53 binding site in front of the SV40 minimal
early promoter of the pGL3-Promoter vector (Promega, Madison,
WI, http://www.promega.com).

ES Cell Culture and Generation of Nucleostemin
Knockout ES Cells Carrying a Tetracycline-
Regulatable Nucleostemin Expression Cassette

ERBTcH3 ES cells [20] were maintained without feeder cells.
These ES cells were cultured with a standard medium containing
fetal bovine serum and leukemia inhibitory factor, as described
before [23]. To generate nucleostemin null ES cells, targeting
vector of nucleostemin was introduced into ES cells by electro-
poration for homologous recombination, according to Thomas
and Capecchi [24]. After selection in G418, heterozygous nucle-
ostemin ES cell clones were identified by Southern blot analysis.
Introduction of nucleostemin cDNA and the Tet-off system was
performed as described previously [20]. The cells were then cul-
tured at high G418 concentration (10 mg/ml) to eliminate the
remaining wild-type nucleostemin locus.

Genotyping

Genomic DNA was extracted from ES cells and used for genotyp-
ing by Southern blotting or polymerase chain reaction (PCR).
Southern blot analysis was done as described previously [10] using
5 and 3’ flanking regions of nucleostemin gene. For genotyping by
PCR, three different primers were used to amplify a portion of
wild-type nucleostemin gene and a boundary region of the ff-geo
reporier gene. The sequences of these primers are as tollows:

5'-GAGCATGCAGATTGTCCCTTTA-Y
5-CATAATCAGCCATATCACATCTGTAGAGGT-3
5-CTTGTATGCTGTGTGCATTA-3'.

RNA and Protein Analysis

For reverse franscription polymerase chain reaction (RT-PCR)
analysis, an oligo-dT primed reverse transcription was caried oul
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using 1 pig of total RNA, and 1/40 of the single strand cDNA prod-
ucts was used for each PCR teaction. Before performing PCR with
the RT products, the number of reaction cycles was determined to
achieve semiquantitative conditions with control DNA for each
primer sef. For western blot analysis, extract treated with sample
buffer was used to detect specific protein by chemiluminescence,
as described previously [25].

Immunecytochemistry

Indirect immunocytochemistry was carried out as previously
described [26] with cells that had been cultured on coverslips
coated with poly-p-lysine and laminin. For 5-Bromo-2'-deoxy-
uridine (BrdU) labeling experiments, cells were treated with
10 pg/ml BrdU for 30 minutes. Subsequently, cells were incu-
bated with 4 N HCI for {0 minutes, then rinsed with 0.1 M
borate buffer (pH 8.5) for 30 minutes before immunostaining.

Antibodies

Generation of anti-Oct-3/4 and undifferentiated embryonic cell
transcription factor 1 (UTF1) antibodies were described previ-
ously [25, 27]. The following commercially available antibodies
were used in this study: anti-nucleostemin (AB3691; CHEMI-
CON), anti-Fibrillarin (H-140; Santa Cruz Biotechnology, Santa
Cruz. CA, http://www.scbt.com), anti-Caspase-3 (9662; Cell Sig-
naling Technology, Beverly, MA, hittp://fwww.cellsignal.com),
anti-p53 (NCL-p53-CM5p; Novocastra, Newcastle upon Tyne,
UK., hitp:///www.novocastra. co.uk), anti-f-actin (C-4; Santa
Cruz Biotechnology), anti-Nestin (clone RAT401; BD PharMin-
gen. San Diego, http://www.bdbiosciences.com/index_us.shtml),
anti-microtubule-associated protein 2 (clone HM-2; Sigma), anti-
glial fibriflary acidic protein (clone GAS: Sigma), and anti-BrdU
(clone BMC9318; Roche, Basel, Switzerland, http://www.
roche-applied-science.com).

Transfection and Luciferase Assay

For the luciferase assay, ES cells were transfected in 24-well
dishes with the luciferase gene reporter plasmid bearing multi-
merized pS53 binding sites (0.8 pug) and internal control pRL/
CMV vector (Promega; 0.08 ug) using lipofectamine 2000.
Twenty-four hours post-transfection, transcription levels were
determined uccording to the manufacturer’s instructions. To
obtain stable transformants of Bel2, nucleostemin™~; Rosa26-NS
ES cells were transfected with plasmid carrying a Flag-ragged
Bel-2-IRES-puromycin expression cassette under the control of -
actin promoter by lipofection as above-mentioned and then
selected with puromycin. Among 30 independent stable trans-
formants, one clone showing high and stable Flag-Bcl2 expres-
sion was selected by western blot analysis.

Flow Cytometry

Nitcleostemin™; Rosa26-NS ES cells were either treated with
doxycyeline for 4 days or left untreated. Cells were then recov-
ered and were stained with Alexa 488 Fluor dye-conjugated
annexin V and propidium iodide (PT) and were subjected to flow
cytometry (FACS Calibur, BD Bioscience) using CellQuest Pro
software, A minimum of 10,000 cells were used for each analysis.

DNA Microarray Analysis

RNA was prepared from doxycycline-treated or -untreated nucle-
ostemin™"; Rosa26-NS ES cells and weré used for generating
cRNA using one-cycle target labeling and control reagents from
Affymetrix (Santa Claras CA. http://www.affymetrix.com). Fif-
teen microgram of cRNA wus cleaved into 35-200 base frag-
mentis according to the manufacturer’s instructions (Affymetrix),
The fragmeuted cRNA was mixed with hybridization solution
and hybridized to Mouse Genome 430A 2.0 arrays. Hybridized
arrays were scanned and analyzed by GeneChip Scanner 3000
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Figure 1. Generation of nucleostemin knockout embryonic stem (ES) cells carrying a doxycycline-regulatable nucleostemin expression unit.
(A): Schematic diagrams of nucleostemin targeting vector and wild-type and IRES-fi-geo knock-in alleles of the nucleostemin gene. The 5 and
3’ probes were located outside the homology arms of the targeting vector. Solid triangle indicates primer for genotyping PCR. Restriction
enzymes indicated are as follows: N, Ndel, H, HindIIT, B, BamHI. (B): Genotyping of wild-type and IRES-f-geo knock-in alleles of the nucleos-
temin gene by Southem blot and PCR analyses. Ndel- and HindIII-digested genomic DNA from ES cells was hybridized with 5’ and 3’ probe,
respectively. For PCR-based genotyping, undigested genomic DNA was used to detect the wild-type and knock-in alleles using three different pri-
mers, as described in the “Materials and Methods” section. (C): No nucleostemin expression in nucleostemin™ ~; Rosa26-NS ES cells cultured in
the presence of doxycycline. The ERBTcH3 parental ES cells (wild-type) [20] or mucleostemin™™: Rosa26-NS ES cells were cultured on cover-
slips coated with poly-p-lysine and laminin for 4 days either with or without doxycycline. After fixation, cells were immunostained with anti-
nucleostemin antibody and counterstained with 4'.6’-diamidino-2-phenylindole. Abbreviations: DOX. doxycycline: IRES. intemal ribosome entry
site; NS, nucleostemin; PCR, polymerase chain reaction: SA, splice acceptor site.

and GCOS software. Raw data of DNA microarray analysis are
available on request.

Generation of Neural Stem/Progenitor Cells from
Nucleostemin™ 73 Rosa26-NS ES Cells

To induce neural lineage commitment, nucleosteniin™ ~; Rosa26-
NS ES cells were cultured in the absence of doxycycline under
adherent monolayer differentiation conditions, as previously
described [28]. On day 7, conversion of a heterogeneous cell
population obtained by neural induction to a pure population of
neural stem/progenitor cells was performed as previously
described [29]. Cells were passaged several times to obtain a cell
population uniformly positive for nestin expression.

REsuLTs

Generation of Nucleostemin Null ES Cells

To assess the requirement for nucleostemin in ES cells and
ES cell-derived neural stem/progenitor cells, we set out to dis-
rupt both alleles of nucleostemin in ERBTcH3 ES cells [20].
We first prepared a targeting vector for the nucleostemin
locus carrying an JRES-ff-gev reporter gene. The vector is
designed to replace 10 exons (from exon 2 to exon 11), which

cover most of the basic domains involved in nucleolar target-
ing/pS3 interaction and all of the GTP-binding domain
involved in partitioning the protein between the nucleolus and
the nucleoplasm (Fig. 1A). After linearization, the vector was
introduced into ES cells by electroporation. Southern blot
analysis revealed that the targeting vector disrupted the gene
correctly in 3 of 480 independent G418-resistant clones (Fig.
IB). Subsequently, nucleostemin ¢cDNA was introduced into
the Rosa26 locus, which was altered to contain a tetracycline-
responsive transcriptional activator and to permit any ¢cDNA
to be introduced using a recombination-mediated cassette
exchange reaction (see supporting information Fig. 1 for ref-
erence). As a final step, we distupted the remaining wild-type
allele of nucleostemin by culturing nucleostemin® = ES cells
under high G418 conditions (10 mg/ml). This high G418
selection was done in the absence of doxycycline to allow
expression of exogenous nucleostemin from Rosa26 locus,
and thus preventing cell death coupled to nucleostemin loss.
This procedure yielded two independent ES cell clones
(mecleostemin™ ™ ; Rosa26-NS) that grew at a normal rate
even in the presence of high G418. Southern blot analysis
revealed that the remaining nucleostemin locus was indeed
disrupted in these two independent clones (Fig. 1B). Loss of
nucleostemin in these cells was also confirmed by PCR (Fig.
IB) and immunostaining of cells cultured in the presence of
doxycycline (Fig. 1C).

Stem CrILS
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Figure 2, Normal expression of pluripotency genes and integrity of nucleolar structure of embryonic stem (ES) cells in the absence of nucleos-

temin expression. (A): Semiquantitative reverse transcription polymerase chain reaction analysis of total RNA prepared from nucleostemin

fe

Rosa26-NS ES cells cultured in the presence of doxycycline on the indicated days. Retinoic acid-treated ERBTcH3 ES cells were used as refer-
ence for differemtiated cells. RNA level of the ubiquitously expressed gene Natl [30] was used as an internal control, (B): Westem blot analysis
of extracts from mucleastemin ™ ; Rosa26-NS ES cells cultured with doxycycline on the indicated days. Upper and lower bands obtained with
anti-UTF] antibody correspond to the entire UTF1 protein (amino acids; 1-339) and a fragment lacking the amino terminus (amino acids; 43—
3393 [31]. Anti-f-actin antibody was used for western blot analysis to confirm the equivalent amount of protein used for each lane. (C): Normal
nucleolar structure in nucleostemin™™; Rosa26-NS ES cells. mmunocytochemical and western blot analyses were performed with ERBTcH3
(wild-type) and nmucleostemin™ ~; Rosa26-NS [NS (—/-1] ES cells using anti-Fibrillatin antibody. For immunocytochemical analysis, cells were
counterstained with 4/.6'-diamidino-2-phenylindole. Abbreviations: DOX, doxycycline; NS, nucleostemin; RA. retinoic acid; UTFL. unditferenti-

ated embryonic cell transcription factor 1.

Pluripotent Marker Expression Was Preserved in
Nucleostemin Null ES Cells

We first examined whether loss of nucleostemin affects the
pluripotent state of ES cells. To this end, we examined the
expression of specific markers of pluripotency. As shown in
Figure 2A. we confirmed that nucleostemin expression from
the Rosa26 locus was rapidly downregulated upon addition of

doxycycline to the culture medium. However, the expression

levels of pluripotent markers, such as Oct-3/4 [27, 32] and
UTF! [25], were unaffected at both the RNA (Fig. 2A) and
protein (Fig. 2B) levels by the loss of nucleostemin expres-
sion. p53 and Nat! were used as controls. We also confirmed
the nucleolar integrity of nucleostemin null ES cells by both

nucleolar morphology and expression level of the nucleolar

protein fibrillarin (Fig. 2C). corroborating results from other

groups with embryonic blastocysts [12] and the human osteo-
sarcoma U208 cell line [16].

Less of Nucleostemin in ES Cells Results in a
Decrease in Cell Proliferation Rate and

Increased Apoptosis

Although loss of nucleostemin in ES cells did not affect the
pluripotency of ES cells, it did result in the failure of long-
term cultwre, Nucleosiemin™™; Rosa26-NS ES cells appear to

www.StemCells.com

stop growing within 5 days after addition of doxycycline (Fig.
3A, lower panels), and no viable cells are detectable within 21
days (data not shown). However, cells cultured in the absence
of doxycycline grow at the same rate as do parental ERBTcH3
ES cells (Fig. 3A, upper panels) and can be subjected to long-
term culture (data not shown). As the Tet-off system can be
manipulated in the in vivo by administering doxycycline in the
drinking water of mice {33, 34]. we also examined the relation-
ship between nucleostemin expression and tumorigenic proper-
ties of ES cells. We found that without doxycycline administra-
tion, nucleostemin™™: Rousa26-NS ES cells were able to
produce large tumors when injected subcutaneously into nude
mice. However. when doxycycline was administered, these
cells did not generate visible tumors (data not shown).

To further characterize the effect of the loss of nucleostemin,
we examined cell proliferation and apoptosis in nucleostemin
nutl ES cells. We found that the proliferation rate of nucleostemin
null ES cells is reduced compared to wild-type, as demonstrated
by BrdU incorporation assays (Fig. 3B). Activated caspase-3 is
also detected in nucleostemin uufl ES cells (Fig. 30), suggesting
that the reduced cell viability of nucleostemin null ES cells is due
to elevated levels of apoptosis. When assessed by annexin V
staining, we found twice as many apoptotic cells in nucleostemin
null ES cells (doxycycline-treated; 19.0% £+ 236%) as in
untreated ES cells (9.75% + 0.35%). Early apoptotic cells
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Figure 3. Phenotypes of nucloestemin null embryonic stem (ES) cells. {A): Morphological changes of nucleostemin™’™ ; Rosa26-NS ES cells
due to the loss of nucleostemin expression. (B): Reduced cell proliferation of nucleostemin null ES cells, ERBTcH3 (wild-type) or Nucle-
ostemin™'"; Rosa26-NS [NS(—/-)} ES cells cultured in the presence or absence of doxycycline for 4 days were treated with BrdU for 30 minutes.
Incorporation of BrdU was determined by immunocytochemistry. For quantification of BrdU labeling. the number of total cells (DAPI positive)
and immunoreactive cells in a fixed area (218 x 162 um?) of random area was counted. For each case, three different samples were used to
obtain standard deviations. (C): Level of activated caspase-3 is elevated in nucleostemin null ES cells. Cell extracts from doxycycline-treated
nucleostenin™'™; Rosu26-NS ES cells for the indicated days were subjected to western blot analysis using anti-Caspuse-3. anti-nucleostemin, or
anti-f-actin antibodies (left panel). ERBTcH3 (wild-type)} or nuclevstemin™"; Rosa26-NS [NS(—/-)] ES cells were treated with doxycycline for
4 days or were left untreated. Extracts were then prepared for western blot analysis (right panel). (D): Loss of nucleostemin is accompanied by
an elevation of the level of apoptosis in ES cells. Doxycycline-treated (4 days) or untreated nucleostemin™™; Rosa26-NS [NS(—/-)] ES cells
were stained with Alexa 488 Fluor dye-conjugated amnexin V and were subjected to tluorescence-activated cell sorting analyses. Data were
obtained from three independent experiments with comparable results. Abbreviations: BrdU, 5-Bromo-2'-deoxyuridine; DOX, doxycycline; FLI1-

19.0 -+ 2.36

H, fluorescence 1-height: NS. nucleostemin: RA, retinoic acid.

(positive for annexiu binding. but negative for PT) also doubled in
number as the cells lose nucleostemin (untreated. 2.31% =+
0.11%: doxycycline-treated, 4.89% £ 0.51%; data not shown).
To reduce the apoptosis level of nucleostemin null ES cells, an
expression vector encoding a Flag-tagged version of the anti-apo-
ptotic factor Bel-2 was stably intreduced in the absence of doxy-
cycline, and then cells were treated with doxycycline. We con-
firmed the expression of Flag-Bcl-2 and the concomitant
extinction of activated caspase-3 expression both in the presence
and absence of doxycycline (supporting information Fig, 2A).
However, we found that Bcl2-overexpressing nucleostemin null
ES cells failed to maintain their viability when the cells were cul-
tured at clonal density (2,500 cells per 10-cim dish; supporting in-
formation Fig. 2B) or regular density (5 x 10° per 10-cm dish;
data not shown). These results indicate that cell death pathways
independent of the activated caspase-3 also operate in nucleoste-
min null ES cells (for details, see “Discussion™ section).

Accumulation of p53 and the Activation of Tts
Target Genes in Nucleostemin Null ES Cells

As nucleostemin is known to interact with the tumor sup-
pressor protein pS3. we examined the levels of p33 mRNA

and protein in nucleostemin null ES cells. Although we did
not observe a noticeable increase in the level of p53 mRNA
(Fig. 2A), the level of p33 protein is greatly elevated in
nucleostemin null ES cells (Fig. 4A). These results indicate
thal the accumulation of p33 protein in nucleostemin null ES
cells is regulated at the post-transcriptional level. As it is
known that stability of p53 protein is regulated by protea-
some-mediated protein degradation [35, 36], and that nucle-
ostemin either positively or negatively regulates proteasome-
dependent protein degradation in U208 cells, depending on
whether it is overexpressed or knocked down [16]. There-
fore, we hypothesized that nucleostemin affects the stability
of p53 by modulating the efficiency of proteasome-depend-
ent degradation. To examine this possibility, we treated cells
with the protcasome inhibitor MG132. While MG132 treat-
ment significantly increases the level of p53 protein in
ERBTcH3 cells or in doxycycline-untreated nucleostemin™
“: Rosa26-NS§ ES cells, the level of p33 protein in doxycy-
cline-treated nucleosternin aull ES cells was not significantly
changed by MGI132 treatment (Fig. 4B). These results indi-
cate that accumulation of p53 protein in nucleostemin null
ES cells is due to inefficient proteasome-dependent degrada-
tion of p3i3.
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Figure 4. Punction of p53 in embryonic stem (ES) cells lucking nucleostemin, (A): Elevation of p33 protein level in nucleostemin null ES cells.
Extracts from ERBTcH3 (wild-type) or mucleostemin™™; Rosu26-NS§ [NS(—/—)} ES cells cultured with or without doxycycline for 4 days were
subjected to western blot analysis using the indicated antibodies. (B): Accumulation of p33 protein is due to inefficient proteasome-mediated deg-
radation of p53 protein in nucleostemin null ES cells, ERBTcH3 (wild-type) or nucleostenin™ ™ Rosu26-NS [NS(~/—)] ES cells were cultured
with or without doxycycline for 4 days. Subsequently. these cells were treated with proteasome inhibitor MG132 (5 gM) or left untreated for
4 hours. Extructs from these cells were then subjected to western blot analysis using the indicated antibodies. (C): Functional activation of p53 in
nucleostemin null ES cells. The lueiferase reporter gene carrying multimerized p53 binding sites and the SV40 minimal early promoter was intro-
duced by lipofection together with the internul control pRL/CMYV vector into ERBTcH3 (wild-type) or mucleostemin™ ™ ; Rosa26-NS [NS(—/—)]
ES cells pretreated with doxycycline for 4 days or left untreated. Doxycycline-treated and umtreated conditions were maintained after lipofection.
Forty-eight hours post-transfection, whole cell extracts were prepared and dual-luciferase reporter assays were performed. Activity obtained with
luciferase reporter plasmid carvying f-uctin regulatory region was arbitrarily set as one. Duta were obtained from three independent experiments
with comparable results. (D): Elevation of endogenous gene expression levels of some, but not all. putative p33 target genes in nucleostemin null
ES cells. Semiquantitative reverse transcription polymerase chain reaction (RT-PCR) was performed with total RNA from ERBTcH3 or nucle-
ostenin™'™; Rosa26-NS ES cells cultured in the presence or absence of doxycycline. (E): Chromatin immunoprecipitation analyses of p33 down-
stream genes. Chromatins prepared from doxycycline-treated or untreated nucleostemin™™: Rosa26-NS ES cells were immunoprecipitated with
anti-p53 antibody or control TgG. Tlie recovered chromatin-DNAs were subjected to semiquantitative RT-PCR and real-time PCR to amplify ei-
ther p53 binding site-containing regions of p2/ or Noxa genes. The amount of DNA recovered with anti-p53 antibedy from doxycycline-untreated
micleostemin™™; Rosa26-NS ES cells was arbitrarily set to one. Abbreviations: DOX. doxyeyeline; NS. nucleostemin.

Next, to confirm that the overall activity of p53 is ele- as well as real time PCR. As shown in Figure 4B, we con-
vated in nucleostemin null ES cells, we performed transient firmed that, in both the cases. genomic DNA around p53-
transfection assays with a luciferase reporter gene carrying binding sites was more efficiently immunoprecipitated in dox-
multiple p53 binding sites and the SV40 minimal early pro- yeycline-treated nucleostemin null ES cells than in untreated

moter. The reporter activity was elevated in nucleostemin null cells. We also obtained a similar result with the p53-binding
ES cells (Fig. 40), indicating that the overall activity of p53 site present in the third intron of Gadd45 gene (data not
is elevated in nucleostemin null ES cells. We also examined shown).

the levels of endogenous expression of putative p53 down- As the above-mentioned results suggested that decreased
stream genes. Although no noticeable increase in Bav expres- cell viability upon loss of nucleostemin may be mediated by
sion was observed in nucleostemin null ES cells, Gadd4s, p53, we examined the effect of a p53 inhibitor Pifithrin-z {39]
p21, and Noxa expression levels were increased, albeit only on viability of nucleostemain null ES cells. This treatment
slightly for Nova (Fig. 4D). This lack of Bax induction may impaired p53-binding site-dependent transcriptional activation
be due fo the fact that unlike in human cells {37], mouse Bax in a dose-dependent manner (Fig, 5A) and elevation of endog-
expression is not under the control of p53 [38]. enous Gadd43, p2l. and Nova expression levels (data not

Next, to confirm that the elevated levels of gene expres- shown). Consistent with these results, higher concentration of
sion of p33 downsiream genes are due to an increase in the Pifithrin-2 (20 pM) partially rescued nucleostemin null ES
efficiency of pS3-binding to their promoters. we performed a cells (Fig. 5B), although cells grew extremely slowly (sizes of
- chromatin immunoprecipitation assay. We immunoprecipitated colonies shown at day 8§ and 16 are about of equivalent sizes
chromatin from the doxycycline-treated and -untreated smicle- to colonies of doxycycline-untreated cells at day 3 and 6,
ostemin™™; Rosu26-NS ES cells with anti-p33 antibody ot respectively). The rescued cells were alkaline phosphatase-
control [gG. We then quantitated the amounts of p53-binding positive, implicating that pluripotency is retained and could
sites present in p2/ and Noxa genes by semiquantitative PCR be subjected to passage at least tlwee times, although
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Figure 5. Rescue of nucleostemin null embryonic stem (ES) cells with Pifithrin-z. (A): Inhibition of p33 activity with Pifithrin-z in nucleoste-
min null ES cells. The Juciferase reporter gene carrying multimerized p53-binding sites used in Figure 4C was introduced by lipofection together
with the internal control pRL/CMV vector into aucleostemin™ " ; Rosa26-NS [NS(—/—)] ES cells pretreated with doxycycline for 4 duys or left
untreated. These cells were also pretreated or untreated with Pifithrin-z for 2 days. These conditions were maintained after lipofection. Forty-eight
hours post-transfection, whole cell extracts were prepared and dual-luciferase reporter assays were performed. Activity obtained with luciferase
reporter plasmid carrying f-actin regulatory region was arbitravily set as one. Data were obtained from three independent experiments with com-
parable results. (B): Pifithvin-o partially counteracts the detvimental effect of nucleostemin loss in ES cells. Nucleostenin™: Rosu26-NS [NS(~/
—3] ES cells were transferred to 6-well dishes ut clonal density (400 cells per well). Doxycycline treatinent was started from the next day. After
48 hours post doxycycline addition, Pifithrin-¢ was added to the indicated concentration. The obtained colonies were observed under microscope
and were subjected to Leishman’s staining after 8 and 16 days post doxycycline addition. respectively.

substantial cell death occured during each passage (data not
shown). These vesults support the idea that reduction in cell
viability of nucleostemin nuil cells is at least in part due to
the accumulated p33. We will discuss about possibilities
which could explain the partial, but not complete, rescue with
Pifithrin-¢ later {see “Discussion” section).

Identification of Genes Whose Expression Levels
Are Significantly Changed upon Loss of
Nucleostemin

To systematically examine the effect of the loss of nucleoste-
min on gene expression in ES cells, we performed DNA
microarray analysis o screen for genes upregulated or down-
regulated during reduction of nucleostemin expression. By 96
hours, 509 transcripts were enriched in nucleostemin-deficient
cells, while 191 transcripts were downregulated. All differen-
tially expressed genes are classified by functional annotation
using Gene Ontology database (supporting information Fig,
3). From the analyses of Gene Ontology terms related to the
“Biological Process.” we confirmed that genes acting nega-
tively on cell proliferation are enrviched in upregulated genes
upon loss of nocleostemin. We also found that genes involved
in regulation of transforming growth factor beta receptor sig-
naling pathway and cell differentiation are upregulated, while
genes involved in defense response to bacterium are downre-
gulated upon loss of nucleostemin., Upregulated genes with
known specific “Molecular Function™ included the leukotriene
B4 receptors. To validate the array data, real-time PCR was
petformed using Tagman probes with respect to seven differ-
ent genes whose expression levels appeared to be significantly
changed in the DNA microarray analyses. In all cases, we
observed a remarkable correlation in gene expression level
between real-time PCR and array data (supporting information
Table 1}.

We also looked for gene expressions of p33-downstream
genes from the DNA microarray data. Among the 61 known
p33-downstream genes, we found that 43 genes are “Present”

(according to the microarray manufacturer’s definition) in
nucleostemin null ES cells, while the remaining 18 genes are
“Absent”. Among these 43 expressed genes, we found that 21
genes including Gadd45, Mdm2, and p2] genes are signifi-
cantly upregulated (more than twofold), whereas none of the
genes are downregulated to 50% level upon nucleostemin loss
(supporting information Table 2), corroborating our finding
shown in Figure 4 that overall activity of p53 is elevated in
nucleostemin null ES cells. supporting information Table 3
demonstrated that expression levels of most undifferentiated
ES marker genes are not significantly changed upon loss of
nucleostemin except for Sox/5.

Effect of Loss of Nucleostemin on ES Cell-Derived
Neural Stem/Progenitor Cells

To assess the function of nucleostemin in newral stem/progen-
itor cells, nucleostemin™™; Rosa26-NS ES cells were differ-
entiated into neuronal lineage cells in the absence of doxycy-
cline [28] and neuwral stem/progenitor cells were obtained
[29]. After several passages under conditions for maintaining
neural stem/progenitor state, cells were split into two cell
populations and cultured with or without doxycycline.
Although a decrease in growth rate due to the presence of
doxycycline became evident at day 4 (Fig. 6A), the cells
became confluent at day 9 (data not shown). The cells could
be expanded for multiple passages in the presence of doxycy-
cline with no further deterioration in profiferation rate or cell
viability (data not shown). These results were in marked con-
trast to those obtained with ES cells, in which loss of nucleos-
temin is detrimental.

Before determining the levels of cell growth and apopto-
sis, we examined whether the doxycycline-treated neural
stem/progenifor cells maintained stem cell state by immuno-
cytochemical analysis using an anti-nestin antibody. All doxy-
cycline-treated and unireated cells express the neural stem/
progenitor cell marker nestin [40] in the cytoplasm (Fig. 6B).
We also examined by RT-PCR the expression of other neural
stem/progenitor maker genes. including Musushi! [41] and
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Figure 6. Loss of nucleostemin in embryonic stem (ES) celi-devived neural stem/progenitor cells. (A): Microscopic inspection of nucle-
ostemin™'~; Resa26-NS ES cell-derived neural stem/progenitor cells. Neural stem/progenitor cells were obtained using nucleostemin™™; Rosa26-
NS ES cells as a starting material. After wansfer. cells were grown with or without doxycycline and photographs were taken on the indicated
days. (B): Preservation of nestin expression in nucleostenin null neural stem/progenitor cells. Nucleostemin™ ~: Rosa26-NS neural stem/progeni-
tor cells were immunostained with anti-nucleostemin and anti-nestin antibodies. Cells were counterstained with DAPL (C): Maintenance of neural
stem/progenitor marker gene expression in the absence of nucleostemin. Nucleostemin™™: Rosu26-NS neural stem/progenilor cells were cultured
in the presence or absence of doxycycline for 4 days and total RNA was prepared from the cells. Semiquantitative reverse transcription polymer-
ase chain reaction was then performed to examine expression of the indicated genes. {D): Bipotency of nucleostemin null neural stem/progenitor
cells. Doxycycline-treated (4 days) and untreated nucleostemin™~; Rosa26-NS neural stem/progenitor cells were transferred onto coverslips
coated with poly-p-lysine and laminin. After cell attachment, cells were differentiated using 1 ¢M retinoic acid and [% fetal bovine serum for 7
days. Doxycycline-treated or untreated conditions were maintained during differentiation. Abbreviations: DAPI, 4'.6'-diamidino-2-phenylindole;
DOX. doxycycline; GFAP, glial fibrillary acidic protein; MAP2, microtubule-associated protein 2; NS, nucleostemin.

rable efficiencies. further strengthening the idea that as in ES
cells. loss of nucleostemin does not lead to the impairment of
stem cell state of neural stem cells.

Next, we examined the cell proliferation and apoptosis
level in nucleostemin null neural stem cells, The effect o
nucleostemin loss on cell proliferation rate is comparable
between ES cells and neural stem/progenitor cells, as assayed

Sox/ [28]. and found that they were expressed in both doxy-
cycline-treated and untreated cells, suggesting that as in ES
cells, the stem cell state of neural stem cells is not impaired
by the loss of nucleostemin. We also confirmed that the ES
cell-pluripotent marker Oct-3/4 was not expressed in these
cells (data not shown), although the neural progenitor gene
Mashl [42] was detected in both cell populations (Fig. 6C).

As the definitive functional attribute of newal stem/pro-
genitor cells is their capacity to generate neurons and glial
cells upon differentiation [43, 44]. we next examined whether
nucleostemin null neural stem cells retain their bipotency.
Doxycycline-treated and untreated neural stem/progenitor
cells were differemiated with 0.1 uM retinoic acid and 1% fe-
tal bovine serum for 5 days and examined by immunocyto-
chemistry. As shown in Figure 6D, doxycycline-treated and
untreated cells converted to neurons and astrocytes at compa-

www.StemCells.com

by BrdU incorporation (compare Figs. 3B, 7A), suggesting
that the differential effect of nucleostemin deficiency on ES
cells and neural stem cells does not involve a cell prolifera-
tion defect, but a cell death defect. At first, we assessed apo-
ptotic cells by annexin V staining and found that no signifi-
cant difference was evident between doxycycline-treated
(9.49%) and doxvcycline-untreated cell populations (9.1%),
We also quantitated cells of early apoptotic stage (negative
for PI) in both cell populations and we found that. again. no
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Figure 7. Slight elevation in the levels of activated caspase-3 and
P33 in nucleostemin null neural stem/progenitor cells. (A): Cell pro-
liferation defect of nucleostemin null neural stem/progenitor cells.
Nucleostemin™™; Rosa26-NS neural stem/progenitor cells were cul-
tured in the presence or absence of doxycycline for 4 days. then
treated with BrdU for 30 minutes. Incorporation of BrdU was deter-
mined by immunocytochemistry and quantified as in Figure 3B, (B):
Activation of caspase-3 upon loss of nucleostemin expression is less
significant in neural stem/progenitor cells than in ES cells. Nucle-
ostemin™"; Rosa26-NS NSC and ES cells were culrured in the pres-
ence or absence of doxycycline for 4 days and extracts from these
cells were used for western blot analysis with anti-Caspase-3, anti-
Musashi, anti-nucleostemin, and anti-f-actin antibodies, (C): Nucle-
ostenin ™' ; Rosu26-NS neural stem/progenitor cells were cultured in
the presence or absence of doxycycline for the indicated days, and
extracts from these cells were used for western blot analysis using
anti-p53, anti-nucleostemin, and anti-f-actin antibodies. Extracts from
nucleostemin™™: ROSA26-NS ES cells with or withow 4 days of
doxycycline (reatment were used us controls. Abbreviations: BrdU. 5-
Bromo-2/-deoxyuridine; ESC, embryonic stem cell: NS, nucleostemin;
NSC, neural stem/progenitor cells. .

significant change (2.7% vs. 2.4%) was evident (data not
shown). In the case of ES cell death, our data indicate that
there are caspase-3 dependent and independent pathways
accompanied by the loss of nucleostemin, As the molecular
basis of caspase-3 independent pathways operating in nucleos-
temin null ES cells and neural stem/progenitor cells are com-
pletely unknown at present, we cannot assess the contribution
of those pathways to the cell death of nucleostemin-null neu-
ral stemy/progenitor cells. Therefore, we exumined the level of
the activated caspase-3 in neural stem/progenitor cells. As
shown in Figure 7B, lanes 1| and 2, although the background
level of activated caspase-3 is relatively high in neural stem/
progenitor cells. downregulation of nucleostemin results in
only a marginal increase in activated caspase-3. This is in
marked countrast to results obtained with ES cells, which nor-
mally show very low levels of activated caspase-3: upon elim-
ination of nucleostemin expression, activated caspase-3 levels
were highly elevated (Fig. 7B, lanes 3 and 4).

As we detected prominent accumulation of the protein in
ES cells, we also examined the level of p33 uccumulation in

Role of Nucleostemin in Embryonic and Neural Stem Cells

neural stem/progenitor cells, However, unlike ES cells, neural
stem/progenitor cells showed only a marginal increase in p53
levels (Fig. 7C). Thus, these results suggest that the milder
effect of nucleostemin loss in meural stem/progenitor cells
than in ES cells on cell viability is at least in part due to
reduced induction of activated caspase-3 andfor p53.

To assess the effect of nucleostemin loss in gene expres-
sion in neural stem/progenitor cells, we performed real-time
PCR analyses with genes. which are significantly affected by
nucleostemin loss in ES cells. From these analyses, we found
that, unlike the cases of ES cells. no significant change or
only marginal change in gene expression was evident in all
cases except for nucleostemin itself (supporting information
Table 1). These results indicate that nucleostemin, albeil its
expression is comparable between ES cells and neural stem/
progenitor cells, affects gene expression network rather spe-
cifically in ES cells. Thus, it is possible to assume that the
changes in gene expression coupled to nucleostemin loss
underlie the observed detrimental cellular phenotype in ES
cells.

Discussion

Nucleostemin is expressed in many types of stem cells,
including ES cells, neural stem cells, and hematopoietic stem
cells {11, 12. 14]. High levels of nucleostemin expression are
also detected in several types of cancer cells [l16-18].
Although the role of nucleostemin in U208 human osteosar-
coma cells has been assessed extensively by siRNA-mediated
knockdown experiments, the physiological function of nucle-
ostemin in stem cells has been litile characterized, with the
exception of a few studies {15, 45]. Here, we assessed the
roles of nucleostemin in ES cells and ES cell-derived neural
stem cells. Our data demonstrate that loss of nucleostemin
does not affect the expression of pluripotency markers such
as Oct-3/4 and UTFI. This result is in accord with the previ-
ous observation that strong Oct-3/4 expression is preserved in
the inner cell mass of nucleostemin nuli blastocysts [12]. Fur-
thermore, our data demonstrate that, as in ES cells, the stem
cell state of neural stem/progenitor cells is not affected by the
loss of nucleostemin, Expression of the neural stem/progenitor
cell marker genes Soxl. nestin, and Musashi, and bipotency
(generation of both newrons and glial cells upon induction of
differentiation) are maintained in the absence of nucleostemin.
Our data also demonsirate that, as in cancer cells [16—18] and
inner cell mass cells {12, 13], nucleostemin is involved in cell
cycle progression and prevention of apoptosis in ES cells and
neural stem/progenitor cells.

The most significant finding of this report is the differen-
tial requirement for nucleostemin of ES cells and neural stem/
progenitor cells for cell viability. Indeed, our data demon-
strate that loss of nucleostemin in ES cells results in loss of
cell viability over long-term culture. whereas the viability of
aucleostemin null newral stem/progenitor cells can be sus-
tained for more than L0 passages without losing neural stem
cell marker expression and bipotency. The severe effect of
loss of nucleostemin on the viability of ES cells is rather
unexpected. because it has been previously demonstrated by
immnohistochemical staining with antiactivated caspase-3
antibody that very few, if any, dying cells are detected both
in wild-type and nucleostemin null blastocysts [12]. There are
two possible explanations that may account for this apparent
discrepancy. Owr data demonstrate that there are at least two
different apoptotic pathways operating in ES cells: one that is
dependent on activated caspase-3 and the other independent.
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As the previous study examining the inner cell mass of nucle-
ostemin null blastocysts only counted the number of activated
caspase-3-positive cells [12], it is possible that a caspase-inde-
pendent apoptotic pathway is even more prominently acti-
vated in nucleostemin null cells. This idea is supported by the
fact that the forced expression of Bcl-2 reduced the produc-
tion of activated caspase-3, but failed to even partially rescue
the cell death phenotype in nucleostemin null cells. The sec-
ond possibility, which is not mutually exclusive to the first
possibility, is that a cell viability defect only becomes appa-
rent by rigorous testing. which includes relatively long-term
culture in vitro, whereas short-term embryogenesis (upto 4.0
d.p.c.) in utero is not sufficient to reveal an obvious defect.
The molecular basis of the different phenotypes associated
with nucleostemin loss in ES cells and neural stem/progenitor
cells is not known at present. Elevated p53 and activated cas-
pase-3 protein levels as a result of nucleostemin loss are more
profound in ES cells than in neural stem/progenitor cells, sug-
gesting that these factors are at least partly involved in the ES
cell phenotype. Consistent with this idea, we could rescue this
detrimental phenotype of nucleostemin null ES with a p53 in-
hibitor Pifithrin-«, albeit incompletely. Partial, but not com-
plete, rescue with Pifithrin-z implicates that p53-independent
pathways, whose molecular bases are currently unkaown, may
participate in the cell death of nucleostemin null ES cells,
Another possibility, which is not mutually exclusive with the
above possibility. is that Pifithrin-2 exerts a certain side-effect
other than inthibiting p53 activity which may affect ES cell vi-
ability. Consistent with this notion, we found that treatment
with higher concentrations (e.g., 30 uM) of Pifithrin-o fairly
reduced the rescue efficiency (data not shown). Unlike the
case of Pifithrin-2 treatment, the forced expression of Bel-2 in
nucleostemin null ES cells to inhibit caspase-dependent apo-
ptosis did not lead to even partial recovery of cell viability.
implying that caspase-independent pathways also contributed
significantly to the death of ES cells. A number of reports
have described caspase-independent cell death, including
induction by HtrA2/Omi [46] or apoptosis inducing factor
[47]. However, it appears that the different types of caspase-
independent cell death do not share an underlying cause,
except for the fact that the detrimental phenomena cannot be
prevented by pharmacological or genetic inactivation of cas-
pases [48, 49]. Therefore, we do not know what cell death
pathway operates in nucleostemin null ES cells. As it is also
known that inhibition of caspase often leads to a shift from
typical apoptosis to nonapoptotic pathways, overexpression of
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Bel-2 in nucleostemnin null ES cells may simply cause a
switch from one cell death pathway to another.

In any event, our future studies will aim at understanding
the molecular basis of the nucleostemin null ES cell phenotype.
We will also aim at unraveling the physiological roles of nucle-
ostemin in other types of stem cells, such as hematopoietic stem
cells and mesenchymal stem cells, as well as cancer cells and
cancer stem cells, by cell type-specific gene disruption.

SuMMARY

In sumimary, we have generated ES cells in which both alleles of
nucleostemin are disrupted, but nucleostemin ¢DNA is intro-
duced into the Rusa26 locus together with the Tet off system.
Using this ES cell line, we demonstrated that nucleosiemin is
involved in progression of the cell cycle and prevention of apo-
ptosis both in ES cells and newal stem/progenitor cells, Our daia
also indicate that loss of nucleostemin results in a much more
severe phenotype in ES cells than in neural stem/progenitor cells.
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Abstract

Background Lavage cytology positive (Cyl) is well
known as a poor prognostic factor in advanced gastric
cancer patients. However, the optimal therapeutic strategy
for patients with Cy1 has not yet been established. The aim
of this study was to evalnate the clinical significance of
Cy1 for the purpose of establishing a suitable therapeutic
strategy.

Methods The data of 996 consecutive advanced gastric
cancer patients who underwent gastrectomy between 1992
and 1998 at the National Cancer Center Hospital were
retrospectively studied.

Results The 2- and S-year survival rates of the patients
who underwent gastrectomy without any other noncurative
factors besides Cyl were 25.3 and 7.8%, respectively.
When the analysis was limited to type 4 advanced gastric
cancer patients, none of the patients with Cy1 survived for
more than 40 months.

Conclusions The prognosis of gastric cancer patients with
Cy1 is very poor. Some patients show long survival after
standard gastrectomy with D2 lymph node dissection;
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however, the prognosis of type 4 gastric cancer patients
with Cyl is so poor that multimodality therapy, including
perioperative chemotherapy, is essential.

Introduction

Recently, standard therapeutic strategies have been estab-
lished for gastric cancer patients based on the results of
some clinical trials [1—3]. The treatment outcomes of early
gastric cancer patients are now favorable [4] due to the
remarkable progress in endoscopic treatments [5, 6] and
minimally invasive surgery, including function-preserving
gastrectomy [7] and laparoscopic gastrectomy [8]. How-
ever, many surgeons believe that the treatment outcomes of
advanced gastric cancer patients remain poor.

Peritoneal dissemination is one of the most frequent
modes of metastasis in advanced gastric cancer. The pos-
sibility of cure in patients with this metastasis is considered
to be low because no effective curative therapy has been
established so far. Even after curative surgery in patients
without evidence of peritoneal dissemination at the time of
the operation, many patients develop peritoneal recurrence,
which is extremely difficult to overcome [9].

The majority of patients showing lavage cytology-
positive (Cyl) intraoperatively develop peritoneal recur-
rence [9]. Cyl can be interpreted as a state in which free
cancer cells are floating in the abdominal cavity, with small
peritoneal foci already established in the peritoneum [10].
However, despite Cyl being recognized as a definite pre-
dictive factor for peritoneal recurrence of gastric can-
cer[11-12], no effective treatment strategies have been
established for Cyl gastric cancer patients. In some cases
prolonged survival has been achieved, even in Cyl
patients. When the analysis is limited to patients with type
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4 advanced gastric cancer, however, the prognosis of Cyl
seems to be particularly severe [14].

In this study, the exact relevance of Cyl and the clinical
outcomes of these patients were evaluated based on data
from a large-volume center of gastric cancer patients. This
is expected to be helpful for developing a suitable new
therapeutic strategy for this condition.

Patients and methods

The data of 996 consecutive patients who underwent gas-
trectomy between 1992 and 1998 for advanced gastric
cancer that invaded the gastric wall deeper than the mus-
cularis propria, as assessed by histopathological examina-
tion performed after the surgery at the National Cancer
Center Hospital, were studied retrospectively. All patients
underwent partial or total gastrectomy with lymph node
dissection. Basically, patients with peritoneal dissemina-
tion underwent simple gastrectomy with minimum dissec-
tion; other patients underwent standard dissection. Patients
with preoperative, clinically definitive peritoneal dissemi-
nation, i.e., ascites, hydronephrosis, and colonic stenosis by
barium enema study, were not included in this study. Both
the patients with diffuse peritoneal dissemination detected
at surgery and those with locally resectable peritoneal
dissemination were included in this study. '

The former Japanese Classification of Gastric Carci-
noma defined peritoneal dissemination as PO, P1, P2, and
P3 according to its extent, while the current classification
(13th) is PO and P1: with or without. All patients were
classified according to the Japanese Classification of Gas-
tric Carcinoma. Macroscopic features of advanced gastric
cancer are classified as type 0: superficial, flat tumors; type
I: polypoid tumors; type 2: ulcerated tumors; type 3:
ulcerated tumors without definite limits; type 4: diffusely
infiltrating carcinomas; and type 5: nonclassifiable carci-
nomas. For the purpose of the present analysis, the patients
were divided into two groups based on the macroscopic
features of type 4 gastric cancer and others.

Cytopathology

Cytological samples were obtained just after laparotomy.
Approximately 100 m! of sterile saline was instilled into
the pouch of Douglas and then aspirated. The samples were
subjected to cytocentrifugation onto slide glasses at
1700 rpm for 60 s at room temperature. The slides were
then fixed in 95% ethanol, followed by Papanicolaou and
alcian blue stains. Additional slides were stained immu-
nocytochemically for CEA (Mochida, CEA010,Tokyo,
Japan), and also for epithelial antigen using the BerEP4
antibody (DAKOPATTS, Glostrup, Denmark). Two to
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three cytotechnologists and cytopathologists independently
examined all the slides to arrive at a diagnosis by con-
sensus. A patient was considered to have positive perito-
neal cytology (Cyl) if adenocarcinoma cells were detected,
regardless of the number of cells. In cases where atypical
cells were present but could not be definitely identified as
cancer cells, the peritoneal cytology was estimated as class
3, or indeterminate. Basically, lavage cytology was carried
out intraoperatively for advanced gastric cancer cases. The
data of cytology in this article, recorded in our database, is
the final result confirmed by immunohistochemistry several
days after surgery.

Statistical analysis

Statistical analysis was carried out using SPSS software
version 11.5 (SPSS Inc., Chicago, IL). The Kaplan-Meier
method was used for constructing the survival curves, and
the log-rank test was used for evaluating the statistical
significance of differences between the survival curves.

Results

Among the 996 cases included in our study, cytological
examination was performed in 779 (Table 1). Cytological
examination was positive for cancer cells mainly in
advanced gastric cancer patients in whom the tumor had
invaded outside the serosal surface (T3) or directly invaded
adjacent organs (T4) (Table 1).

As expected, many of the patients with peritoneal dis-
semination (P1) were cytology-positive (Cyl) but 27
patients with peritoneal dissemination (P1) were cytology-
negative (Cy0) (Table 2).

Among the 996 consecutive patients, 217 patients who
did not undergo cytological examination and 13 whose
cytological examination revealed an indeterminate result
were excluded from the analysis; in addition, 65 patients
who had distant metastasis to the liver, lung, and supra-
clavicular lymph nodes were also excluded. The remaining

Table 1 Correlation between cytological examination and the depth
of the tumors

T2 (MP) T2 (S8) T3 T4 Total
Cy0 78 156 251 56 541
Cyl 1 5 137 82 225
Indeterminate 0 0 9 4 12
Undone 105 58 44 10 217

184 219 441 152 996
MP muscularis propria, SS subserosa, Cy0 cytology-negative,

Cyl cytology-positive
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