Synthesis and Proinflammatory Responses of H. pylori LPS Structures

2-Deoxy-6-0-{2-deoxy-2-[ (R)-3-(octadecanoyloxy)octadecanoylamino J-f5-
p-glucopyranosyl}-2-{ (R)-3-hydroxyoctadecanoylamine l-a-n-glucopyra-
nose l-phosphate (1): Pd-black (10.0 mg) was added to a solution of 15
(11.0 mg, 5.63 pmol) in distilled THF (1.0 mL). The mixture was stirred
under hydrogen (2.0 MPa) at room temperaturce for 18 h and then ncu-
tralized with Et:N in THF (10%, v/v, 20.0 uL). and the Pd catalyst was
removed by filtration. After removal of the solvent in vacuo, the residuc
was lyophilized from fBuOH to afford 1 as a tricthylammonium salt
(white solid. 7.0 mg. quant). '"H NMR (500 MHz, CDCl/CD,0D): 6=
547 (d. J=44 Hz, TH; H-1), 527 (brs, 1 H; B-CH of 2'-N-acyl), 4.62 (d,
J=8.8 Hz, 1H: H-1), 408 (t. J=9.8 Hz, 1H: H-5), 402 (d. /=12.1 Hz,
1H; §-CH of 2-N-acyl), 4.02 (d, J=8.6 Hz, 1H; H-2), 3.89 (d, /=11.8 Hz,
1H; H-6a), 3.83 (dd, J=11.8, 6.3 Hz, 1H: H-6b), 3.78-3.65 (m, 2H; H-3,
H-2'). 3.45-3.24 (m, 4H: H-¥, H-4', H-6'a, H-6'b). 3.23-3.16 (m, 2H: H-
4. H-5). 258 (t, J=63 Hz, 2H: o-CH, of 2'-N-acyl main chain), 2.39~
2.27 (m, 4H; o-CH, of 2’-N-acyl side chain and 2-N-acyl), 1.76-1.15 (m,
84 H: CH, of 2-N-acyl and 2'-N-acyl), 0.89 ppm (t. /=6.2 Hz, 9H; -CH.-
CH, of 2-N-acyl and 2'-N-acyl): HRMS (ESI-Q-TOF. negative): m/z:
caled. for CeHy»N,O P [M~H]™: 1249.8794; found: 1249.8794.
2-Deoxy-6-0-{2-deoxy-2-[(R)-3-(octad viexy)octad ylamino]-fi-
D-glucopyranosyl)-2-[ (R)-3-hydroxyoctad yl J-o-D-glucopyra-
nose I-(aminoethyhphosphate (2): Pd(OH)/C (20wt% on carbon,
20.0 mg) was added to a solution of 17 (20.0 mg, 9.79 pmol) in distilled
THF (1.0mL), water (100 pL), and AcOH (50 pL). The mixture was
stirred under hydrogen (2.0 MPa) at room temperature for 2 d and then
neutralized with EGN in THF (10%, v/v, 20.0 pL). and Pd catalyst was
removed by filtration. After removal of the solvent in vacuo, the residuc
was lyophilized from (BuOH to afford 2 as a colorless solid (11.2 mg,
89%). '"H NMR (500 MHz, CDCL/CD,OD): 6=5.47 (d, /=83 Hz, 1H:
H-1). 526-5.22 (m. 1H; -CH of 2'-N-acyl), 4.62 (d, /=8.5Hz, 1H; H-
1), 4.21 (dd, /=182, 8.5 Hz, 1H: H-5). 4.04 (d, /=12.1 Hz, 1H; H-6a),
3.95-3.90 (m. 2ZH; H-2, B-CH of 2-N-acyl), 3.88 (d, J==11.8 Hz, 1H;
-OPO-CH,-CH,-), 3.81 (t, J=10.9 Hz, 1 H: H-6b), 3.72-3.65 (m, 2H: H-3,
-OPG-CH,-CH,-), 3.60-3.55 (m, 1H; H-2'), 3.48-3.20 (m, 6 H: H-3', H-4,
H-6'a, H-6'b, -OPO-CH,-CH,-), 3.13-3.10 (m, 1H; H-5), 2.95 (brs, 1 H:
H-4), 2.56-2.42 (m, 2H: «-CH, of 2'-N-acyl main chain), 2.41-2.22 (m,
4H; a-CH, of 2-N-acyl side chain and 2-N-acyl)., 1.62-1.15 (m. 84H;
CH, of 2-N-acyl and 2'-N-acyl), 0.88 ppm (brs, 9H; -CH,-CH; of 2-N-
acyl and 2'-N-acyl): HRMS (ESI-Q-TOF, negative): m/z: caled for
C13,NL0 5P [M—H]": 1292.9216; found: 1292.9211.
2-Deoxy-6-0-{2-deoxy-6-0-(3-deoxy-a-D-manno-oci-2-ulopyranesid)onic
acid]-2-[(R)-3-(octad yioxy)octad J-f-p-glucopyrano-
syl}-2-[(R)-3-benzyloxyoctadecanoylamino }-o-p-glucopyranose  1-phos-
phate (3): Pd-black (6.0 mg) was added to a solution of 23 (6.3 mg,
2.70 pmol) in distilled THF (500 pL). The mixture was stirred under hy-
drogen (2.0 MPa) at room temperature for 5 d and then neutralized with
Et:N in THF (10%, v/v, 20,0 pL), and Pd catalyst was removed by filtra-
tion. After removal of the solvent in vacuo, the residue was lyophilized
from {BuOH to afford 3 as a tricthylammonium salt (white solid, 4.3 mg,
quant). '"HNMR (600 MHz, CDCIl/CD,0D): ¢=548 (brs, 1H; H-1),
5.26-5.18 (m, 1 H; B-CH of 2"-N-acyl), 4.46-4.40 (m, 1 H; H-1"), 4.08-3.92
(m, 5H; H-2, H-5, H-4". H-7", -CH of 2-N-acyl). 3.84-3.56 (m, 9H; H-3,
H-6a, H-6b, H-2, H-5, H-3", H-6", H-8"a, H-8"b). 3.51-3.42 (m, 3H; H-
3, H-6'a, H-6'b), 3.38-3.26 (m. 2H: H-4, H-4"), 2.56-2.50 (m, 2H; a-CH,
of 2'-N-acyl main chain), 2.42-2.26 (m. 4H: u-CH, of 2'-N-acyl side chain
and 2-N-acyl), 2.10-2.04 (m, 1 H; H-3"a), 1.92-1.84 (m, 1H; H-3"b). 1.78-
1.14 (m. 84H; CH, of 2-N-acyl and 2'-N-acyl), 0.89 ppm (t, /=7.2 Hz,
9H; -CH,-CH, of 2-N-acy! and 2'-N-acyl); HRMS (ESI-Q-TOF, nega-
tive): m/z: caled for CpyH3N,O0P [M—H]™: 1469.9377; found: 1469.9371.

2
CANoyY

2-Deoxy-6-0-[2~-deoxy-6-0-(3-deoxy-o-D t-2-ulopy id)enic
acid}-2-{[ (R)-3-(octad yloxy)octad yi J-f3-p-glucopyrano-
syl}-2-[(R)-3-benzyloxyoctadecanoyl J-o-D-glucopy 1-(ami

ethyl)phosphate (4): Pd(OH)./C (20 wi % on carbon, 1.0 mg) was added
to a solution of 25 (1.3 mg. 0.495 pmol) in distilied THF (435 pL). water
(43 pL), and AcOH (22 puL). The mixture was stirred under hydrogen
(2.0 MPa) at room temperaturc for 2 d and then neutralized with EGN in
THF (10%. v/v, 20,0 uL}, and Pd catalyst was removed by filtration.
After removal of the solvent in vacuo, the residue was washed with -
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hexanc and water and then was Iyophilized from (BuOH to afford 4 as a
white solid (110 pg, 15%). "H NMR is shown in the Supporting Informa-
tion. HRMS (ESI-Q-TOF, necgative): m/z: caled for ChH ,N,O,P
[M~H]": 1512.9799; found: 1512.9792.

Cytokine assay: The cytokine-inducing activitics of the synthetic lipid A
compounds and LPS (E. coli O111:B4, Sigma-Aldrich as a positive con-
trol} were tested in heparinized human peripheral whole blood (HPWB)
cells collected from the blood of an adult volunteer. The synthesized
samples (dissolved in 25 pl. of 5% DMSO in saline) and HPWB (25 pl)
in RPMI1640 medium (75 pl.) including meylon (3 %). were incubated in
triplicate in a 96-well plastic plate at 37°C under CO, (5% ). To maintain
the solubility of the synthetic compounds this culture included DMSO
(1%).57 After 20 h of incubation and subsequent centrifugal separation
(at 300g for 2 min), the supernatant proteins were collected and the in-
duced quantitics of cytokines were then measured by ELISA assay
(ELISA Ready-SET-Go! (¢Bioscience) for human IL-1§, IL-6. [L-12p70.
IL-8, and TNF-o; Human TL-18 ELISA Kit (MBL) for human TL-18).
For the inhibitory activities of the synthetic lipid A compounds and Kdo-
lipid A compounds against £. coli LPS, the synthetic compounds and ad-
ditional E. coli LPS (500 pgmL~"} in RPMI 1640 medium including
meylon (3%) and a buffer solution were incubated and measurcd by a
method similar to that used for the inducing activitics. Data represent
averages of three repeated assays with standard deviations from individu-
al experiments.
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A more efficient method to
generate integration-free
human iPS cells

Keisuke Okita!, Yasuko Matsumura!, Yoshiko Sato!,
Aki Okada!, Asuka Morizane!-2, Satoshi Okamoto?,
Hyenjong Hong', Masato Nakagawa!, Koji Tanabe!,
Ken-ichi Tezuka®, Toshiyuki Shibata®, Takahiro Kunisada®,
Masayo Takahashi'3, Jun Takahashi'-2, Hiroh Saji® &
Shinya Yamanaka'”~%

We report a simple method, using p53 suppression and
nontransforming L-Myc, to generate human induced

pluripotent stem cells (iPSCs) with episomal plasmid vectors.
We generated human iPSCs from multiple donors, including two
putative human leukocyte antigen (HLA)-homozygous donors
who match ~20% of the Japanese population at major HLA loci;
most iPSCs are integrated transgene-free. This method may
provide iPSCs suitable for autologous and allologous stem-cell
therapy in the future.

Genomic integration of transgenes increases the risk of tumor
formation and mortality in chimeric and progeny mice derived
from induced pluripotent stem cells (iPSCs)!. Integration-
free human iPSCs have been generated using several methods,
including adenovirus?, Sendai virus®, the piggyBac system?,
minicircle vector’, episomal vectors®, direct protein delivery’
and synthesized mRNA® (Supplementary Table 1). However,
reprogramming efficiency using integration-free methods is
impractically low in most cases. Direct delivery of proteins or
RNA is labor-intensive, requiring repeated delivery of the repro-
gramming factors. Modifying Sendai virus vectors or preparing
synthesized RNA are technically demanding.

In the original report describing episomal plasmid vectors
for reprogramming, the authors used seven factors, including
POUS5F1 (also known as OCT3/4), SOX2, KLF4, MYC (also
known as c-MYC), NANOG, LIN28A (also known as LIN28) and
SV 40 large T antigen (SV40LT), in three different vector com-
binations® (T1-T3 combinations; Fig. 1a and Supplementary
Table 2). In this study, we used two findings from our labo-
ratory to enhance efficiency of reprogramming by episomal

BRIEF COMMUNICATIONS |

plasmids: iPSC generation is markedly enhanced by p53 sup-
pression®, and L-Myc is more potent and specific than c-Myc
during human iPSC generation!?.

We prepared four vector combinations (Fig. la and
Supplementary Table 2). The Y1 combination had six factors
(OCT3/4,S0X2, KLF4,c-MYC, LIN28 and NANOG) in three epi-
somal plasmids. The Y2 combination contained an additional
TP53 (also known as p53) shRNA in one of the three plasmids.
We replaced ¢-MYC and NANOG with MYCLI (also known as
L-MYC) in the Y1 and Y2 combinations, respectively, to yield the
Y3 and Y4 combinations (Fig. 1b).

We electroporated these seven combinations of episomal
vectors (Y1-Y4 or T1-T3) into three human dermal fibroblast
(HDF) lines and two dental pulp cell lines on day 0 (Fig. 1¢). We
trypsinized transfected cells on day 7 and reseeded them onto
feeder layers. We maintained the cells in embryonic stem cell
(ESC) medium, and small cell colonies became visible ~2 weeks
after transfection. We counted the number of colonies with a flat
human ESC-like morphology and non-ESC-like colonies around
day 30 (Supplementary Fig. 1). The Y4 combination resulted in
significantly (P < 0.05) more iPSC colonies than did any of T1-T3
combinations (Fig. 1d). In addition to these five parental cell
lines, we obtained iPSC colonies from seven additional HDF lines
with the Y4 combination of factors (Supplementary Table 3).

We expanded ESC-like colonies derived with the Y4 combina-
tion for additional experiments. The majority of the colonies were
expandable and exhibited a cellular morphology similar to that of
human ESCs, characterized by large nuclei and scant cytoplasm
(Fig. 2a,b). We termed these episomal plasmid vector-derived
iPSCs ‘pla-iPSCs’. Ten of eleven clones we analyzed were karyotypi-
cally normal (Supplementary Fig. 2 and Supplementary Table 4).
Short tandem repeat analyses confirmed that pla-iPSC clones
were derived from HDFs and dental pulp cells (Supplementary
Table 5). Reverse transcription-PCR (RT-PCR) analyses revealed
that pla-iPSC clones expressed pluripotent stem cell markers, such
as OCT3/4, SOX2, NANOG and DPPAS5, at levels comparable to
those in ESCs and retrovirus-derived iPSC clones (Fig. 2¢ and
Supplementary Figs. 3a,4 and 5). Global gene expression profiles
also showed that pla-iPSC clones were similar to ESC and retro-
iPSC clones (Supplementary Fig. 6 and Supplementary Table 6).
The DNA methylation levels of CpG sites in the promoter region
of NANOG were high in parental HDFs and dental pulp cells but
were low in pla-iPSCs and ESCs (Fig. 2d).

To examine whether episomal vectors persisted in pla-iPSCs,
first we transfected an episomal vector encoding enhanced GFP
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Figure 1 | Establishment of human iPSCs. a v d 80
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(EGFP) into fibroblasts and monitored fluorescence. Sixty-

episomal vectors and another primer pair for the endogenous
FBXO15locus to estimate the cell number. We detected ~200

eight percent of the cells were fluorescent 1 week after trans-
fection (Supplementary Fig. 7). However, the signal quickly
decreased thereafter, and only 2.4% of cells were fluorescent
4 weeks after electroporation. Then we estimated the copy
numbers of the episomal vectors in established pla-iPSC clones.
We designed a PCR primer pair for EBNA-I sequence derived
from Epstein-Barr virus to calculate the copy numbers of the

Figure 2 | Characterization of pla-iPSC clones.
(a,b) Phase contrast images of an established
pla-iPSC line. Scale bars, 1 mm (a) and 100 pm (b).
(c) RT-PCR analyses for pluripotent cell markers.
Total RNA was isolated from pla-iPSC clones
established with the Y1 (clone 454B-1),

copies of the episomal vectors per cell 6 d after transfection
(Fig. 2e and Supplementary Fig. 3b). In contrast, we detected
no EBNA-1 DNA in five of seven clones tested at passages
11-20 (~80-120 d after transfection). The remaining two
clones contained ~0.001 and 2 copies, respectively. The latter
clone likely had integrated the plasmid into a chromosome.
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also performed without reverse transcription z o o o % o o o

H i - > ¢« x 2@ X X X
(no RT). F1b.roblasts 4 d after electroporation DPPA5 :‘;" & P g2
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indicated cell lines. Open and closed circles Na R
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indicate unmethylated and methylated CpG
dinucleotides, respectively. (e) Copy numbers
of episomal vectors in pla-iPSC clones. Numbers
in parentheses indicate passage number. Also
shown are the estimated numbers of cells
analyzed for each clone. Fibroblasts 6 d after
electroporation of the Y4 combination were
analyzed (fibro-d6) as a positive control.

(f-h) Differentiation of pla-iPSC clone (454E-2)

into dopaminergic neurons. Micrographs are immunostained for Tuj1 (f) and tyrosine hydroxylase (TH) (g). A merged image with nuclear staining using DAPI
(h) is shown. Scale bars, 20 pum. (i,j) Differentiation of pla-iPS clone (454E-2) into retinal pigment epithelial cells. Scale bars, 100 pm (i) and 50 pm (j).
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These data demonstrated that the episomal vectors were spon-
taneously lost in the majority of pla-iPSC clones.

We examined the differentiation potential of pla-iPSCs in vivo.
Injection of pla-iPSCs into the testes of immunodeficient mice
yielded tumors within 3 months. Histological examination con-
firmed that these tumors were teratomas and contained tissues of
all three germ layers, including neural epithelium, cartilage and
gut-like epithelium (Supplementary Fig. 8).

We carried out directed differentiation of the pla-iPSCs into
dopaminergic neurons in vitro (Online Methods). RT-PCR detected
upregulation of SOX1, a marker of immature neural cells, and down-
regulation of OCT3/4 12 d after induction (Supplementary Fig. 9a).
Immunostaining showed that the majority of cells expressed Nestin
after 29 d, with some cells still proliferating and expressed Ki67
(Supplementary Fig. 9b-e). Clusters of Nestin-expressing cells
expressed PAX6, and more mature cell clusters expressed tyrosine
hydroxylase, a marker of dopaminergic neurons (Supplementary
Fig. 9f,g). Tyrosine hydroxylase-expressing cells localized
with the neural markers Tujl and MAP2ab, and the vesicular
monoamine transporter VMAT2 (Fig. 2f-h and Supplementary
Fig. 9h-1). Therefore, pla-iPSCs have the potential to differenti-
ate into dopaminergic neurons.

We also examined whether pla-iPSC clones differentiated into
retinal pigment epithelial cells using a modified stromal cell-
derived inducing activity method (Online Methods). Five of six
pla-iPSC clones developed pigmented cell clusters after 30 d in
conditioning medium of mouse PA6 stromal cells. The clusters
grew and exhibited a squamous and hexagonal morphology, char-
acteristic of retinal pigment epithelial cells (Fig. 2i,j).

We examined the human leukocyte antigen (HLA) types of
our dental pulp-derived iPSC lines. In a previous study only one
HLA type had been detected in two dental pulp lines by a PCR-
reverse sequence-specific oligonucleotide probe (rSSOP) proto-
col'l: line DP74 had been typed as HLA-A*24, —; HLA-B*52, -
HLA-DRB1*15, —, and line DP94 as HLA-A*11, —; HLA-B*15, —;
HLA-DRBI1*04, — (‘=" means no other allele was detected;
Supplementary Table 7). We also typed these lines with two addi-
tional analyses. A PCR-rSSOP protocol optimized for the Japanese
population typed line DP74 and its progeny iPSC lines (454E-2 and
457C-1) as HLA-A*24:02, —; HLA-B*52:01, —s HLA-DRB1*15:02, -,
and typed DP94 and its progeny iPSC line (453F-2) as HLA-A*
11:01, —; HLA-B*15:01, —; HLA-DRB1*04:06, —. Sequence-based
typing showed that the types of DP74 and DP94 were HLA-A*
24:02:01, —; HLA-B*52:01:01, —; HLA-DRB1*15:02:01, - and
HLA-A*11:01:01, —s HLA-B*15:01:01, —; HLA-DRB1*04:06:01, -,
respectively. The families of the donors of the two dental pulp
lines could not be typed because the lines were established in
an anonymous way. Therefore, it is not possible to formally con-
clude that these donors are homozygous for the HLA haplotypes.
Nevertheless, the fact that three independent analyses detected
only one type in each donor is indicative of homozygosity.

According to the HLA Laboratory database, frequencies of
HLA-A*24:02; HLA-B*52:01; HLA-DRB1*15:02and HLA-A*11:01;
HLA-B*15:01; HLA-DRB1*04:06 haplotypes in the Japanese
population are 8.5% and 1.3%, respectively (http://www.hla.or.jp/
hapro_e/top.html; Supplementary Table 8). Theoretically, iPSCs
established from these two individuals match ~20% of all the
combinations of 2,117 haplotypes in Japanese population. Indeed,
pla-iPSClines derived from lines DP74 and DP94 match 32 of 107

a b
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Figure 3 | Estimated coverage of the Japanese population by HLA
homozygous donors. (a) Estimated cumulative coverage of the Japanese
population by theoretical unique HLA homozygous donors at HLA-A, HLA-B and
HLA-DRB1 loci with four-digit specification. (b) Estimated numbers of donors
required to identify individuals with unique HLA homozygous haplotypes.

donors!! at the three HLA loci (HLA-A, HLA-B and HLA-DR)
with the two-digit specification (Supplementary Table 7).

Others previously estimated that iPSC lines with 50 unique
HLA homozygous haplotypes would match ~90% of the Japanese
population at the HLA-A, HLA-B and HLA-DRB1 loci with two-
digit specification!2. We performed a similar estimation with four-
digit specification using the HLA Laboratory database and found
that 50 unique HLA-homozygous donors would cover ~73% of
the Japanese population (Fig. 3a and Supplementary Table 8).
Approximately 75 and 140 unique donors would be needed to
cover ~80% and 90%, respectively. It would be necessary to type
~37,000, ~64,000 and ~160,000 individuals, respectively, to iden-
tify these 50, 75 and 140 donors (Fig. 3b).

Allografts using HLA-homozygous iPSCs may provide a thera-
peutic alternative to autologous grafts, for cases in which trans-
plant is likely to be needed soon after injury; furthermore, they
allow for the advance selection of safe clones'?. The beneficial
effects of matching at major HLA loci are well documented in
renal transplantation'!%, although recipients of allografts derived
from HLA-homozygous iPSCs would still need immunosuppres-
sants after transplantation because of other HLA antigens, non-
HLA antigens and immunity by natural killer cells.

We report a simple, non-integrative method for reprogram-
ming human cells. The increased efficiency and the use of non-
transforming Myc should be useful to generate iPSCs from many
donors, such as individuals with disease. The approach may also
prove beneficial for generating human iPSCs for use in autologous
and allologous stem cell therapy.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemethods/.

Accession codes. Addgene: 27076 (pCXLE-hOCT3/4), 27077
(pCXLE-hOCT3/4-shp53-F), 27078 (pCXLE-hSK), 27079
(pCXLE-hMLN), 27080 (pCXLE-hUL), 27081 (pCXLE-Fbx15-
cont2) and 27082 (pCXLE-EGFP).

Note: Supplementary information is available on the Nature Methods website.
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ONLINE METHODS

Cell culture. Human fibroblasts HDF1419, HDF1388, HDF 1429,
HDF1377, HDF1437 and HDF1554 were purchased from Cell
Applications, and TIG121, TIG120, TIG114 and TIG107 were
obtained from the Japanese Collection of Research Bioresources.
Human fibroblasts were cultured in DMEM (Nacalai Tesque)
supplemented with 10% FCS (Invitrogen). Human dental pulp
(DP) cells were established from human third molars as described
previously'! and were maintained in mesenchymal stem cell
growth medium (MSCGM; Lonza). Human ESC lines (KhES-1
and KhES-3) were obtained from Kyoto University. H1 and H9
were from WiCell Research Institute. Mouse embryonic fibro-
blasts (MEFs) were isolated from embryonic day 13.5 embryos
of C57BL/6 mice. All mice used in this study were bred and killed
appropriately following code of ethics of animal research com-
mittee in Kyoto University. MEF and mouse embryonic fibroblast
cell line (SNL) cells'® were cultured in DMEM supplemented with
7% (v/v) FCS, 2 mM L-glutamine and 50 units and 50 mg ml~!
penicillin and streptomycin, respectively. Established iPSCs and
ESCs were maintained on mitomycin C-treated SNL cells in pri-
mate ESC medium (ReproCELL) containing 4 ng ml~! of bFGF
(Wako) as described previously'”.

Vector construction. Efficient transgene expression was achieved
by inserting the woodchuck hepatitis post-transcriptional regula-
tory element (WPRE) upstream of the polyadenylation signal of
pCX-EGFP!8, The episomal cassette was transferred from pCEP4
(Invitrogen). The EBNA-1 sequence (EcoRI and Mfel sites) was
flanked by two loxP sequences, and the loxP-EBNA-1-loxP-OriP
cassette was then digested with BamHI and BglII and inserted
into the BamHI site of pCX-EGFP containing the WPRE. This
episomal vector was designated pPCXLE-EGFP.

Human ¢DNAs encoding OCT3/4, SOX2, KLF4, ¢-MYC,
L-MYC, NANOG and LIN28 were amplified by PCR and cloned
into pCR2.1 (Invitrogen). The translation termination codons of
SOX2, c-MYC, L-MYC or LIN28 were replaced with a BamHI
site and then were also cloned into pCR2.1. The cDNAs without
a translation termination codon were thereafter ligated with 24
self-cleavage sequences in pBS-2A'° with appropriate restriction
enzymes to generate pBS—cDNA-2A. c-MYC-2A was digested
with Notl and BspHI and was ligated into the Notl and Ncol
sites of pBS-LIN28-2A in the same reading frame to generate the
¢-MYC-LIN28-NANOG cassette. These cDNA-2A or ¢-MYC-
2A-LIN28-2A constructs were then ligated to another cDNA or
NANOG in pCR2.1 with the translation termination codon in the
same reading frame using appropriate restriction enzymes. These
c¢DNA-2A-cDNA-stop or c-MYC-2A-LIN28-2A-NANOG-stop
constructs were then inserted into the EcoRI site of pPCXLE-EGFP.
pCXLE-hOCT3/4-shp53 was constructed by inserting an shRNA
expression cassette for p53, driven by the mouse U6 promoter,
into the BamHI site of pCXLE-hOCT3/4. The pCXLE-Fbx15-
cont2 was generated by inserting the FBXO15 cDNA into pCXLE-
EGFP. Episomal vectors described previously® were obtained from
Addgene (20922-20927).

Generation of iPSCs with episomal vectors. HDF and DP cells
were cultured in DMEM supplemented with 10% FBS and mesen-
chymal stem cell growth medium (MSCGM), respectively. Three
micrograms of expression plasmid mixtures were electroporated

d0i:10.1038/nmeth.1591

into 6 x 10° HDF or DP cells with Microporator (Invitrogen)
with a 100-pl kit according to the manufacturer’s instructions.
The plasmid mixtures used in the experiments are shown in
Supplementary Table 2. Conditions used were 1,650 V, 10 ms,
3 time pulses for HDEF, and 1,800 V, 20 ms, 1 time pulse for DP
cells. The cells were trypsinized 7 d after transduction, and 1 x
10° cells were re-plated onto 100-mm dishes covered with an SNL
or MEF feeder layer. The culture medium was replaced the next
day with primate ESC medium containing bFGF. The colonies
were counted 26-32 d after plating, and those colonies similar
to human ESCs were selected for further cultivation and evalu-
ation. The pla-iPSC clones used in this study are summarized in
Supplementary Table 9.

Characterization of pla-iPSC clones. Isolation of total RNA,
RT-PCR of marker gene expression, DNA microarray, bisulfite
genomic sequencing and teratoma formation were performed
as previously described!”. The primer sequences used in this
study are shown in Supplementary Table 10. The chromosomal
G-band analyses were performed at the Nihon Gene Research
Laboratories. Short tandem repeat analyses were performed at
Bex Co.; briefly, genomic DNAs were amplified by the PowerPlex
16 system (Promega) and were then analyzed with an ABI PRISM
3100 genetic analyzer and the GeneMapper v3.5 software pro-
gram (Applied Biosystems). Differentiation of pla-iPSC clones
into dopaminergic neurons was performed using the serum-free
culture of embryoid body-like aggregates (SFEB) method com-
bined with double SMAD inhibition by a BMP antagonist and
an Activin/Nodal inhibitor as described elsewhere?. In vitro
directed differentiation into retinal pigment epithelial cells was
performed with the modified stromal cell-derived inducing activ-
ity method?!:22. Briefly, pla-iPSCs were collected with trypsin and
collagenase 1V, and were treated with inhibitors for WNT and
Nodal signaling under serum-free conditions. The cells were then
maintained in PA6-conditioning medium for maturation.

Episomal copy-number detection. Cells cultured in 60-mm
dishes were collected with a cell scraper after removing feeder
cells by treatment with dissociation solution consisting of 0.25%
trypsin, 1 mg ml~! collagenase, 1 mM CaCl, and 20% KSR in
PBS. The cells were then placed into tubes and centrifuged, and
the cell pellets were lysed with 200 pl of lysis solution, contain-
ing 1x Ex Taq buffer (Takara) and 167 pig ml~! proteinase K. The
lysates were incubated at 55 °C for 3 h, and proteinase K was
inactivated at 95 °C. The lysates were used for quantitative PCR
analysis. The pCXLE-hFbx15-cont2 plasmid was used to gener-
ate a standard curve to determine the correlation between copy
number and threshold cycle (Ct) values for FBXO15 or EBNA-1.
Then the copy number of FBXO15 and EBNA-1 in each iPSC
sample was estimated from the observed Ct values. The cell
number in each reaction was estimated by dividing the estimated
copy number of FBXO15 by two since each cell had two FBXO15
alleles. One reaction included up to 1.2 x 10* cells. The total copy
number of EBNA-1 was measured in ~5 x 10% cells by repeating
six or seven reactions.

HLA typing and estimation of coverage. HLA typing of 107 DP

cell lines was performed with the PCR-reverse sequence specific
oligonucleotide probe (rSSOP) method using LABType SSO
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(One lambda) at Repro Cell?®. Additional HLA typing was
performed with PCR-rSSOP using WAKFlow (Wakunaga
Pharmaceutical) at HLA Laboratory. We performed pedigree
study of 4,743 Japanese families (17,325 members) and identified
2,117 haplotypes, including interlocus recombinant haplotypes,
which were detected in family studies. The haplotype frequency
was calculated by direct counting on the parents in the families.
Sequence-based typing was performed with AlleleSEQR (Atria
Genetics) at Mitsubishi Chemical Medience Corporation.

To estimate coverage of Japanese population by HLA
homozygous donors, we first calculated the frequencies of all
possible combinations of the 2,117 HLA haplotypes shown in
Supplementary Table 8. Haplotype combinations that can be cov-
ered by a given homozygous donor were then identified and their
frequencies were added to estimate coverage by the homozygous
donor. When one HLA-A, HLA-B, HLA-DRB1 heterozygous indi-
vidual was covered by multiple homozygous donors, we counted
only once to avoid overestimation.

NATURE METHODS

The expected number (EN) of each homozygous haplotype at
a given population size (PS) was first calculated as; EN = (haplo-
type frequency)? x PS. EN (if EN < 1) or 1 was then summed for
each homozygous haplotype to estimate the expected numbers of
unique HLA haplotype donors at the given PS.

Statistical analyses. Data are shown as the mean = s.d. Statistical
significance among multiple groups was evaluated with the Steel-
Dwass test.
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Chapter 11

Tumorigenesis of Glioma-Initiating Cells: Role of Sox11

Toru Kondo

Abstract Recent studies have demonstrated that
malignant tumors contain cancer-initiating cells (CICs,
also known as cancer stem cells), which self-renew and
are tumorigenic. Moreover, CICs are resistant to both
irradiation and chemotherapy. These findings suggest
that CICs are critical targets tor successful cancer ther-
apy. However, CICs have not been well characterized,
due to a lack of specific markers for them. We recently
established mouse glioma-initiating cell (GIC) lines,
by overexpressing oncogenic HRas™! in p533-deficient
neural cells. These cells form transplantable glioblas-
toma multiforme (GBM) with features of human GBM
when as few as 10 cells are transplanted in vivo,
suggesting that these GIC-like cells are enriched in
CICs. Characterization of these GICs showed that they
expressed little or no Sox11. The overexpression of
exogenous Sox11 in GICs blocked their tumorigene-
sis by inducing their neuronal differentiation, which
was accompanied by decreased levels of a novel onco-
gene, plagll. These findings suggest that Sox11 and
Plagll work as a tumor suppressor and oncogene,
respectively, in GBM and are potential therapeutic
targets.

Keywords Tumorigenesis Glioma Sox!I1
Oncogene - Gliomagenesis - CIC
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Introduction

During the last decade, tissue-specific stem cells were
identified inalmost all tissues. These cells self-renew
and continuously generate the residential differenti-
ated cells that are responsible for tissue functions and
homeostasis (Weissman et al., 2001). Neural stem cells
(NSCs) in the central nervous system (CNS), for exam-
ple, self-renew and give rise to neurons, astrocytes, and
oligodendrocytes throughout life (Gage, 2000).

The discovery of tissue-specific stem cells repre-
sented a big turning point in cancer research. The
use of stem cell markers, for instance, revealed that
malignant gliomas contain malignant cells that main-
tain the characteristics of tissue-specific stem cells
(Kondo, 2006; Singh et al., 2004; Vescovi et al., 2000).
Malignant gliomas also contain both proliferating cells
that express NSC markers and cells that express either
neuronal or glial markers, raising the possibility that
these tumors contain NSC-like cancer cells. This idea
is supported by the finding that malignant gliomas can
arise from either NSCs or glial lineage cells (Bachoo
et al., 2002: Dai et al., 2001; Uhrbom et al., 2002),
such as oligodendrocyte precursor cells (OPCs) or
astrocytes, which can behave like NSCs under certain
conditions (Belachew et al., 2003; Doetsch et al., 1999;
Kondo and Raff, 2000; Laywell et al., 2000; Nunes
et al., 2003).

Additional evidence suggests that malignant tumors
contain stem cell-like cancer-initiating cells (CICs,
also known as cancer stem cells) (Globus and
Kuhlenbeck, 1944; Hopewell and Wright, 1969;
Copeland et al., 1975). Although many anti-cancer
drugs are used to try to eliminate cancers, some cancer
cells usually survive, and the cancer recurs, showing

DOI 10.1007/978-94-007-1709-1_1 1, © Springer Science+Business Media B.V. 2011
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that the surviving cells are not only resistant to the
anti-cancer drugs but also malignant. Various ATP
binding cassette (ABC) transporters, such as the pro-
tein encoded by the multi-drug resistance gene (MDR),
the multi-drug resistance protein (MRP), and the breast
cancer resistance protein (BCRP1), contribute to the
drug resistance in cancers (Gottesman et al., 2002;
Wulf et al., 2001). Interestingly, some of these trans-
porters are also expressed in many kinds of normal
stem cells. BCRPI, for example, excludes the fluo-
rescent dye Hoechst 33342, thereby identifying a side
population (SP) that is enriched in stem cells (Goodell
etal.,, 1996; Zhou et al., 2001). Together, these findings
suggest that cancers might contain an SP rich in cells
with the characteristics of CICs.

CIC-enriched populations can be obtained from
cancers and cancer cell lines, by exploiting features
common to tissue-specific stem cells, including cell-
surface antigens such as CD133, their identification
as side population (SP) cells, floating sphere for-
mation assays, or a combination of these features
(Kondo, 2006; Singh et al., 2004; Vescovi et al., 2006).
However, CD133-negative cells and non-SP cells from
tumors and cancer cell lines can also form tumors when
transplanted in vivo (Mitsutake et al., 2007; Shmelkov
et al., 2008). Therefore, it remains uncertain whether
the existing isolation methods can identify bona fide
CICs.

The overexpression of oncogenes c¢an induce
hematopoietic stem/precursor cells to transform into
leukemic stem cell-like cells in culture; and the trans-
plantation of small numbers of these cells can cause
leukemias in vivo (Krivtisov and Armstrong, 2007).
This observation suggests the existence of CIC-like
cells in induced cancer models. Using a similar
approach, we recently established an induced mouse
glioma cell line, NSCL61 s. To do this, we transformed
pS53-deficient neural stem cells (NSCs) with oncogenic
HRas"®! | because p53 is the most frequently mutated
tumor-suppressor gene in human Glioblastoma mul-
tiforme (GBM), one of the most malignant brain
tumors, and increased activation of the Ras signal-
ing pathway is found in approximately 90% of GBM
cases (Cancer Genome Atlas Research Network, 2008;
Parsons et al., 2008). We analyzed NSCL61 s, human
primary glioma sphere lines, and human glioma tis-
sue samples using multiple approaches, and found that
glioma-initiating cells (GICs) largely lost their sox//
expression, but expressed plagll, a transcriptional

regulator of imprinting genes. In this review, [ will give
an overview of our recent results and discuss the future
of GIC research.

Origin of Glioma Cells

The concept of CICs was first proposed several
decades ago. For example, Globus and Kuhlenbeck
suggested in 1944 that malignant brain tumors are
generated from immature cells (NSCs or neural pre-
cursor cells) in the ventricular zone (VZ) (Globus
and Kuhlenbeck, 1944); this hypothesis was subsec-
quently proven through a number of experiments. For
example, Hopewell and Wright (1969) discovered that
brain tumors arose frequently from the VZ when car-
cinogenic pellets were randomly placed in the adult
brain. Copeland and colleagues also showed that brain
tumors were induced in the subventricular zone (SVZ)
when mouse brains were infected with avian sarcoma
viruses (Copeland et al., 1975). More recently, Doetsch
ctal. showed that astrocytes in the SVZ can behave like
multipotent NSCs in the adult brain (Doetsch et al.,
1999). Together with the knowledge that NSCs in the
VZ/SVZ survive in adult animals and, unlike differ-
entiated neural cells, proliferate throughout life, these
findings suggest that NSCs in the VZ/SVZ have a
higher probability of accumulating oncogenic muta-
tions and transforming into CICs that retain the char-
acteristics of NSCs and are malignant (Fig. 11.1).
Consistent with this idea, malignant brain tumors,
including GBM and medulloblastoma, are immunola-
beled both for NSC markers, including Nestin, CD133,
Bmil, Sox2, Musashil/2 and Olig2, and differentia-
tion markers, including the neuronal marker MAP2,
the astrocyte marker GFAP, and for the oligodendro-
cyte marker GC (Katsetos et al., 2001; Ligon et al.,
2007; Toda et al., 2001).

OPCs may be the cells of origin for some gliomas.
Although OPCs are committed to differentiating into
oligodendrocytes in vivo, they can also differenti-
ate into GFAP-positive astrocytes and acquire NSC
characteristics, including the expression of NSC mark-
ers and multipotentiality, when cultured under spe-
cific conditions (Belachew et al., 2003; Kondo and
Raff, 2000; Laywell et al., 2000; Nunes et al.,
2003) (Fig. 11.1). Moreover, OPCs transformed with
oncogenic HRas and c¢-Myc can form malignant
glioma in vivo (Barnett et al., 1998).
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Fig. 11.1 Cell of origin for gliomagenesis. Many lines of evi-
dence suggest that astrocytes and oligodendrocyte precursor
cells. both of which can acquire multipotentiality. and NSCs are
cells of origin for malignant glioma

By combining transgenic mouse technology and a
retrovirus system, two groups have demonstrated that
Nestin-positive NSCs and GFAP-positive astrocytes
form malignant gliomas in vivo: Holland and his col-
leagues infected transgenic mice that expressed the
avian leukosis virus (ALV) receptor under the regu-
lation of either a nestin enhancer or a gfap promoter,
with recombinant ALVs encoding oncogenic genes,
such as platelet derived growth factor (PDGF) recep-
tor beta, activated Akt, or activated Ras, and found

A

Cell-of-origin of GBM

pS3(87 %), Rb(78%),
RTK(Ras etc: 88%)

Fig. 11.2 Induced GIC
model in mouse. (a) Glioma
cells-of-origin transform into
GICs by undergoing

that GBM developed in the brain (Dai et al., 2001;
Uhrbom et al., 2002). De Pinheo and colleagues overex-
pressed a constitutively active epidermal growth factor
(EGF) receptor in NSCs or astrocytes with the loss of
both pl16/Ink4a and p19/ARF, transplanted them into
the brain, and found that the cells formed high-grade
gliomas (Bachoo et alii:2002). These findings sug-
gested that NSCs and astrocytes are cells of origin for
brain tumors.

GICs Induced in Mouse

It remains controversial whether GICs arise from
NSCs, committed precursor cells, or differentiated
neural cells. In addition, the relationship between the
cell of origin for brain CICs and genetic alterations
within these cells has not been elucidated, although a
number of oncogenes and tumor suppressor genes are
clearly associated with gliomagenesis. Now, however,
it 1s_possible to use neural lineage markers and flow
cytometry to isolate neural lineage cells and examine
which ones transform into CICs when overexpressing
oncogenes and/or when tumor suppressor gene expres-
sion is reduced or absent. By using this strategy, we
successtully generated two GIC lines, NSCL61 and
OPCL61, from p53-deficient NSCs and OPCs respec-
tively, but not from astrocytes, by overexpressing onco-
genic HRas™®! (Fig. 11.2). Both GIC lines self-renew,
express NSC markers including Nestin and Sox2, and
form transplantable GBM that shows hypercellularity,
pleomorphism, multinuclear giant cells, mitosis, and
necrosis within 2 months, even when as few as ten cells
are transplanted in vivo (Hide et al., unpublished data).

B
Neurosphere

*Overexpression of oncogene
*Inhibition of tumor suppresso
*GFP expression

@ Tumorsphere

mutations for key factors v
involved in the p53; Rb.
and/or receptor tyrosine
kinase (RTK) pathways.

(b) Induced GICs can be
characterized in culture and
in vivo
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Sox11: A Novel Tumor Suppressor
for Gliomagenesis <)
Self-renewal

Given that our induced GIC lines contain both tumori-
genic (GIC-like) and non-tumorigenic (non-GIC) cells,
it should be possible to isolate the GIC-like cells,
characterize them, and use them to identity novel ther-
apeutic targets for GBM, by comparing their gene
expression profiles with those of non-GICs. We were
able to isolate both GIC and non-GIC clones from
NSCL61 s by limiting dilution assays (Hide et al.,
2009). We found that GIC clones proliferate much
more slowly than non-GIC clones, although the mech-
anism is unknown. We also found that the GIC clones
could be immunolabeled for NSC and glial cell mark-
ers but not for neuronal markers, whereas the non-
GIC clones were largely positive for neuronal markers
and lost the expression of NSC and glial markers.
Moreover, a DNA microarray analysis revealed that
the expression of a number of genes increased or
decreased in the GIC clones compared with the non-
GIC clones.

From among these genes, we chose to focus on
the Sox!1 transcription factor for the following rea-
sons. First, Sox11 is not expressed in primary human
glioma spheres, which are rich in GICs. Second, Sox11
induces the expression of the neuronal markers MAP2
and BII tubulin in proliferating neural precursors
cells (Bergsland et al., 2006). Third, the overexpres-
sion of a dominant-negative form of SoxI1 blocks
neuronal differentiation (Bergsland et al., 2006).
Fourth, the National Cancer Institute’s Repository
for Molecular Brain Neoplasia Data (REMBRANDT)
database (Madhavan et al., 2009) revealed that a down-
regulation of sox// mRNA is correlated with a sig-
nificant decrease in the survival of glioma patients.
Fifth, we found that human primary GBMs express
sox!] mRNA and Sox!1 protein, whereas the recur-
rent GBMs lose Sox11. Together, these findings sug-
gest that Sox11 may inhibit malignancy in GICs by
inducing their neuronal’ differentiation (Fig. 11.3).
In support of this idea, we found that the over-

expression of Soxll inhibits the tumorigenesis of

GICs by inducing their neuronal differentiation and
increases the susceptibility of GICs to chemother-
apy. In contrast, the knockdown of sox// induces
non-GIC clones to become tumorigenic (Hide et al.,
2009).

v ¥

g/ook Pep

Fig. 11.3 Model of tumorigenesis by Sox!17/Plagll™ GICs.
Primary GBM contains both GICs. which are Sox11* and
Plagll™, and non-GICs, which are Sox!|1~ and Plagll*. Non-
GICs probably differentiate into neurons and are sensitive to
chemotherapy. Recurrent GBMs largely consist of GICs that are
resistant to differentiation inducers and chemotherapy

i| Neuronal
differentiation

Plagl1: A Novel Oncogene for
Gliomagenesis

How does Sox!1 inhibit the tumorigenesis of GICs?
To identify targets of SoxIl in GICs, we ana-
lyzed the gene expression ditferences between non-
Sox11I-expressing and exogenous Soxl1-expressing
GICs using DNA microarray analysis and selected
several genes whose expression was significantly
affected by sox/I overexpression. We focused on
Pleiomorphic adenoma gene-like 1 (Plagll) for the
following reasons. First, plagl] is expressed in the neu-
ral stem/progenitor cells of developing neuroepithelial
cells and decreases upon differentiation (Valente et al.,
2005). Second, we tound that plagll is expressed in
malignant human gliomas as well as in human GICs,
although it was thought to be a tumor suppressor
candidate (Van Dyck et al., 2007). Third, Plagll reg-
ulates several imprinted genes, including Insulin-like
growth factor 2 (Igf2), H19, and Delta-like 1 (DIk1),
all of which are involved in tumorigenesis as well as
early development (Varrault et al., 2006). Fourth, the

-REMBRANDT database revealed that glioma patients

with downregulated plagl/ mRNA show increased
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survival rates compared to patients with intermediate
levels of plagll expression. Together, these data sug-
gest that Plagl1 plays an important role in GICs.

We found that Sox11 can block the plagl] expres-
sion in GICs by binding to the 5° promoter region
of the gene. Moreover, the overexpression of Plagl|
induces non-GICs to become tumorigenic, while
its knockdown blocks the tumorigenicity of GICs.
Collectively, these results suggest that Plagll plays
an important role in the tumorigenicity of GICs
(Fig. 11.3).

Discussion

Although tumors are the primary sources of CICs,
induced CICs are a useful alternative source for their
characterization, because CICs cannot presently be
purified from tumors. In addition, induced CIC mod-
els can be used to identify experimentally the cell-
of-origin of the cancer, the responsible oncogenic
mutation, and the relationship between them. Indeed,
we demonstrated that the overexpression of HRas"¢!
induced p53-deficient NSCs to transform into GICs
(Hide et al., 2009), consistent with recent findings
that mutations in the p53 and RTK pathways as
well as the retinoblastoma (Rb) pathway are criti-
cal for human GBM development (Cancer Genome
Atlas Research Network, 2008; Parsons et al., 2008).
Moreover, we successfully separated both tumorigenic
and non-tumorigenic clones from induced GIC lines
using limiting dilution methods and identified many
genes, including Sox!11 and Plagll, that are up- or
down-regulated in tumorigenic clones (Hide et al.,
2009).

Sox11 was originally thought to be involved in
tumor induction, because it is expressed in many
malignant human gliomas. However, we showed that
human primary glioma sphere cells and recurrent
glioma as well as mouse tumorigenic clones are largely
negative for Sox 11, whereas primary gliomas express
Sox11. On the other hand; Plagll was thought to be a
tumor suppressor regulating both cell-cycle arrest and
apoptosis. We found, however, that plagl! is predom-
inantly expressed in tumorigenic clones and human
¢lioma sphere cells, that the overexpression of plagl]
transforms non-GIC-like cells into GICs, and that its
knock-down inhibits the tumorigenicity of NSCL61 s.

Thus, it is important to establish'a number of induced
GIC models and examine their characteristics to iden-
tify therapeutic targets and develop related treatment
methods.
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Chapter 2
Stem Cells and Cancer Stem Cells: New Insights

Toru Kondo

Prologue to Cancer Stem Cell Research

Although the concept of the cancer stem cell (CSC) was advocated more than several
decades ahead, it was not accepted widely due to the lack of a direct proof method.
However, recent progresses in the stem cell biology and developmental biology
revealed that cancers contain the hierarchy similar to normal tissues and that only
CSCs in tumors have a strong self-renewal capability and are malignant (Fig. 2.1)
(Reya et al. 2001). It is thought that the existence ratio of CSCs is several percent or
less in tumors and cancer cell lines and the other cells (non-CSCs) are either cancer
precursor cells, which have limited proliferation ability, or nondividing cancer cells.
Together these findings suggest that characterization of CSCs is essential for the
curable cancer therapy.

Definition of CSCs

CSCs were initially defined by their extensive self-renewal capacity, tumorigenicity,
and multipotentiality. As a number of oncogenes, including inhibitor of differentia-
tion (Id), hairy and enhancer of splits (Hes) and Notch, are expressed in CSCs as
well as tissue-specific stem cells (TSCs) and block cell differentiation, it remains
uncertain as to whether CSCs actually give rise to multilineage cells. Further evidence
also exists suggesting that cancer cells co-express a number of lineage-specific
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Fig. 2.1 Similarity between normal tissue and tumor. Tumors as well as normal tissues are likely
to consist of small number of stem cells that have self-renewal capability and multipotentiality,
precursor cells that have limited proliferative potency, and differentiated cells. CSCs are thought to
be transformed from TSCs, precursor cells and/or differentiated cells by genetic/epigenetic muta-
tions. Moreover, CSCs exist in special microenvironment “niche” and seem to keep their resistance
Lo a variety of anti-cancer treatment methods

markers, each of which is exclusively expressed in normal differentiated cells, such
as neurofilaments in neurons, glial fibrillary acidic protein in astrocytes and galacto-
cerebrocide in oligodendrocytes, raising the question of whether such lineage-
marker positive cells are in fact differentiated cells. Seen against this light then the
obvious definition that can be applied to CSCs might be their unlimited self-renewal,
expression of TSC markers, and tumorigenicity.
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2 Stem Cells and Cancer Stem Cells: New Insights
Cell-of-Origin of CSCs

Cancers have traditionally been thought to arise from either differentiated cells or
their proliferating precursor cells, which have acquired oncogenic mutations. Since
stem cells have been discovered in adult tissues, however, it has been suggested that
TSCs might be a principal target of such mutations (Fig. 2.1). This speculation is
supported by a number of different findings: First, it is likely that cancers arise from
epithelia, which are in contact with the external environment and contain a wide
variety of TSCs. Second, many cancers have been immunolabeled for TSC markers
and for differentiation markers. Third, while TSCs survive and continue to proliferate
throughout life, differentiated cells do not, suggesting that TSCs are more suscep-
tible to accumulating oncogenic mutations. Finally, stem cells and precursor cells,
which are transformed with oncogenic genes, have been shown to.as developing
cancer in vivo. Together, these findings suggest that either TSCs or amplifying
precursor cells can be seen as the origin of malignant tumors.

Characteristics of CSCs

Resistance to Chemotherapy

A number of anti-cancer drugs have been successful in eliminating cancers; however,
some cancer cells survive and the cancer recurs, indicating that the surviving cells
are not only resistant to such anti-cancer drugs but are also malignant (Gottesman
et al. 2002; Szakacs et al. 2006). It has been shown that glutathione and its related
enzyme apparatus, topoisomerase II, O6-methylguanine-DNA-methyltransferase,
dihydrofolate reductase, metallothioneins, and various ATP-binding cassette (ABC)
transporters, such as the protein encoded by the multidrug resistant gene (MDR),
the multidrug resistant protein (MRP), and the breast cancer resistant protein
(BCRP1), contribute to such drug resistance in cancers. It is crucial to investigate
relationship between CSCs and these factors.

Resistance to Irradiation

Irradiation is one of the most effective therapies for malignant tumors; however, a
small population of cancerous cells tends to survive and cause tumor recurrence,
suggesting that CSCs are radioresistant. Recently, Bao et al. (2006) have revealed
that CD133-positive glioblastoma CSCs are much more resistant to irradiation than
CD133-negative cells.
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Invasion/Metastatic Activity

One characteristic of malignant tumor cells is their ability to invade and disseminate
into normal tissue and to metastasize into other tissues. Some of the infiltrating
cancer cells cannot be removed by surgical operation and causes recurrence, sug-
gesting that CSCs retain high invasion activity. In fact, it has demonstrated that
CD133-positive cancer cells highly express CD44 and chemokine receptor CXCR4,
both of which mediate cell migration (Hermann et al. 2007; Liu et al. 2000).

Niche for CSCs

The number of TSCs is precisely regulated by both intrinsic mechanism and extra-
cellular signals derived from specialized microenvironment “niche.” For example, it
was demonstrated that niche provides a limited number of physical anchoring sites,
including betal-integrin and N-cadherin, for TSCs and secretes both growth factors
and anti-growth factors, including Wnt, FGF, hedgehog (Hh), bone morphogenic
proteins, and Notch (Li and Neaves 2006; Moore and Lemischka 2006). Hypoxia is
also shown to be essential for the maintenance of stemness, tumorigenesis, and
resistance to anti-cancer treatments, chemotherapy and irradiation (Das et al. 2008;
Matsumoto et al. 2009). Moreover, it was shown that the ablation of such niche
results in loss of TSCs. It seems likely that CSCs also need niche for tumorigenesis.
Kaplan and his colleagues have elegantly demonstrated that bone marrow-derived
progenitors form the pre-metastatic niche in the tumor-specific pre-metastatic sites
before cancer cells arrive and that the ablation of the niche prevents tumor metastasis
(Kaplan et al. 2005). However, since transplanted cancer cells form tumors in any
area in vivo, CSCs might be independent of the niche regulation or have a capability to
make a new niche by recruiting bone marrow stem cells and other component cells.

Preparation of CSCs

The following methods are commonly used to prepare CSCs from cancers and can-
cer cell lines using the common characteristics of TSCs, such as cell surface mark-
ers, side population (SP), aldehyde dehydrogenase activity (ALDH), and/or a
floating sphere formation.

Cell Surface Markers

Dick and colleagues have been able to show that the acute myeloid leukemia (AML)-
initiating cells are found in primitive CD34* and CD38" populations, in which
hematopoietic stem cells are enriched (Bonnet and Dick 1997; Lapidot et al. 1994).
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2 Stem Cells and Cancer Stem Cells: New Insights

Al-Hajj et al. have successfully separated tumorigenic breast CSCs from mammary
tumors and breast cancer cell lines as CD44* CD247°" Lineage~ cells. As few as
100 CD44* CD24"" Lineage™ cells formed tumors in NOD/SCID mice, while tens
of thousands of other cancer cell populations did not (Al-Hajj et al. 2003; Ponti
et al. 2005). Another study by Singh et al. reported their success in separating brain
CSCs from human medulloblastoma and glioblastoma multiforme (GBM) using an
anti-CD133 antibody that recognizes a variety of different stem cells. Here, as few
as 100 CD133* GBM cells, although not CD133" cells, formed tumors in NOD-
SCID brain (Singh et al. 2004). It has also revealed that colon CSCs are enriched in
a CD133* population (O’brien et al. 2007; Ricci-Vitiani et al. 2007). This is in-addition
to prostate CSCs being found to be enriched in CD44*alpha2betal™CD133* (Collins
et al. 2005). Very recent studies have shown that CD15, also known as stage-specific
embryonic antigen 1 (SSEA1) or Lewis X (LeX), is a general CSC marker on glio-
blastoma multiforme (GBM) and medulloblastoma (Reed et al. 2009; Son et al.
2009; Ward et al. 2009). It therefore seems likely that cell surface markers, such as
CD133, are useful in separating CSCs from many types of tumors.

Side Population

It was revealed that cancer cells, as well as many kinds of normal stem cells, express
a number of ABC transporters. BCRP1, for example, excludes the fluorescent dye
Hoechst 33342, identifying a side population (SP) (Goodell et al. 1996), which is
enriched for the various types of TSCs, although some research has shown that
TSCs exist in both SP and non-SP and that SP cells do not express stem cell markers
(Mitsutake et al. 2007; Morita et al. 2006). A number of research groups have found
that some established cancer cell lines, which have been maintained in culture for
decades, and tumors, such as AML, neuroblastoma, nasopharyngeal carcinoma, and
ovarian cancer, contain a-small SP. These studies have demonstrated that SP cells
— but not non-SP cells — self-renew in culture, are resistant to anti-cancer drugs
including Mitoxantrone, and form tumors when transplanted in vivo (Haraguchi
et al. 2006; Hirschmann-Jax et al. 2004; Kondo et al. 2004; Patrawala et al. 2005;
Ponti et al. 2005; Szotek et al. 2006). However, since many cancer cell lines do not
contain any SP fraction and non-SP cells in some cancer cell lines likely generate
SP fraction during culture, it is needed to evaluate whether SP is a general method
to prepare CSCs.

Aldehyde Dehydrogenase Activity

ALDH is another detoxifying enzyme oxidizing intracellular aldehydes to carboxylic
acids and blocking alkylating agents. Since it has been shown that ALDH increases
in TSCs (Jones et al. 1995; Cai et al. 2004), it is now possible to identify and purify
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many types of TSCs, including hematopoietic stem cells and neural stem cells
(NSCs), using fluorescent substrates of this enzyme and flow cytometry. There is
increasing evidence that many types of CSCs strongly express ALDH and can be
purified from tumors and cancer cell lines (Ginestier et al. 2007; Korkaya et al.
2008; Pearce et al. 2005).

Sphere Formation Assay

An increasing evidence points to the fact that CSCs as well as TSCs, such as NSCs
and mammary gland stem cells, can form floating aggregates (tumor spheres) and
be enriched in the spheres when cultured in serum-free medium with proper mitogens,
such as bFGF and EGF (Fig. 2.3c) (Haraguchi et al. 2006; Hirschmann-Jax et al.
2004; Kondo et al. 2004; Ponti et al. 2005). Although many CSC researchers use
sphere formation methods to concentrate their CSCs in culture, monolayer culture
method might be better used to characterize CSCs as monolayer-cultured CSCs can
be expanded as a homogenous population (Pollard et al. 2009).

Signaling Pathways Involved in CSC Maintenance

Since genetic alterations cause TSCs, amplifying precursors, or differentiated cells
to transform to CSCs, it is important to classify the relationship between genetic
alterations and tumor phenotype and malignancy.

p53 Pathway

Itis well known that the loss of p53 function promotes the accelerated cell proliferation
and malignant transformation (Toledo and Wahl 2006). Indeed, it was shown that
over 65% of human glioma contains TP53 gene deletion and mutation (Kleihues
and Ohgaki 1999). Moreover, additional evidences also indicated that other p53
signaling factors, including Murin-double-minute 2 (MDM2), which binds to,
destabilizes, and inactivates p53, and chromodomain helicase DNA-binding domain
5 (Chd5), which regulates cell proliferation, cellular senescence, apoptosis, and
tumorigenesis, are mutated in malignant glioma (Bagchi et al. 2007; Kleihues and
Ohgaki 1999; Reifenberger et al. 1993; Toledo and Wahl 2006) In total, it was
revealed that about 90% of human glioma have mutations in p53 signaling pathway
(Cancer Genome Atlas Research Network 2008; Parsons et al. 2008). Although the
effector molecule of p53 pathway is the p21 cyclin-dependent kinase (cdk) inhibitor
that regulates progression of cells through the G1 cell-cycle phase, it has not been
demonstrated that p21 gene itself is an oncogenic target in human cancers.
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