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Recent evidence indicates that p53 suppression increased the
efficiency of induced pluripotent stem cell (iPSC) generation. This
occurred even with the enforced expression of as few as two
canonical transcription factors, Oct4 and Sox2. In this study,
primary human keratinocytes were successfully induced into a stage
of plasticity by transient inactivation of p53, without enforced
expression of any of the transcription factors previously used
in iPSC generation. These cells were later redifferentiated into
neural lineages. The gene suppression plastic cells were morpho-
logically indistinguishable from human ES cells. Gene suppression
plastic cells were alkaline phosphatase-positive, had normal kar-
yotypes, and expressed p53. Together with the accumulating
evidence of similarities and overlapping mechanisms between iPSC
generation and cancer formation, this finding sheds light on the
emerging picture of p53 sitting at the crossroads between two
intricate cellular potentials: stem cell vs. cancer cell generation. This
finding further supports the crucial role played by p53 in cellular
reprogramming and suggests an alternative method to switch the
lineage identity of human cells. This reported method offers the
potential for directed lineage switching with the goal of generating
autologous cell populations for novel clinical applications for neu-
rodegenerative diseases.

cancer development | transdifferentiation | neural development

he ethical concerns and immune issue of human ES cells
(hESCs) have motivated scientists to search for alternatives to
generate patient-specific pluripotent cells that may enable cell
therapy for many degenerative diseases. Human induced plurip-
otent stem cells (iPSCs) can be derived from reprogramming hu-
man fibroblasts, either by initially using the four transcriptional
factors (OCT4, SOX2, KLF4, and c-MYC) (1) or by replacing
KLF-4 and c-MYC with NANOG and LIN28 (2). The mecha-
nisms involved in the reprogramming of differentiated cells into
iPSCs remain poorly understood. This process may require epi-
genetic reprogramming (3). The overexpression of these defined
transcription factors in somatic cells could result in other abnor-
mal events, such as tumorigenesis (4, 5). It is well known that
reprogramming has extremely low efficiency and kinetics with
arate-limiting step toward the establishment of a pluripotent state.
To improve the efficiency, efforts to understand the nature and
identity of the reprogramming have focused on the transcriptional
and translational levels in the past few years (4, 6-8). However,
pluripotent cells have limited therapeutical values because of the
potential for teratoma formation and tendency for tumorigenesis.
Lineage switching is a more practical and safe approach for cell
therapy. Here, we report a method of switching keratinocytes to
neural lineages through the transient suppression of p53.
p53 is a cellular protein of 53,000 Da, encoded by TP53 in
humans (7rp53 in mice). It has been described as a multifunc-
tional protein, dubbed the “molecular policeman” (9, 10), “tu-
mor suppressor” (11), and tumor progressor. p53 functions as
a master regulator of the transcriptional network, by positively
and negatively regulating a plethora of genes (12). With in-
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creased activity, p53 acts as the guardian of genomic fidelity,
effecting cell-cycle arrest to allow adequate opportunity for ge-
netic repair mechanisms; senescence; early differentiation; and,
with the anticipation of failure for all other mechanisms of
control, initiation of apoptotic cell death (13). Furthermore,
functional inactivation of p53 through mutation, loss of hetero-
zygosity (LOH, allelic deletion), and/or inhibition is an obligate
step for the formation of most human tumors. The molecular
mechanisms exploited by tumors to achieve inactivation of the
p53 network are complex and incompletely understood but offer
intriguing therapeutical targets (14). Expression of p53 is in-
duced by specific molecular signals that herald a cellular cry of
“SOS,” such as genetic aberrations (genotoxic damage, oncogene
activation, and telomere erosion), matrix alternation (loss of
stromal support), and metabolic dysfunction (nutrient and oxy-
gen deprivation) (15). Recently, p53 has also attracted attention
for its novel role in cellular reprogramming (4, 6-8, 16), noting
that the blocking of downstream effectors in the p53 pathway can
improve measured efficiency rates of reprogramming by more
than 100-fold compared with those in the absence of its in-
hibition (6). In our study, the transient ablation of p53 via
shRNA resulted in activation of Oct4-GFP expression in fibro-
blasts isolated from Oct4-GFP transgenic mice. Subsequently, we
applied the same method to human keratinocytes and success-
fully switched the lineage of these cells to provide abundant
patient-specific neural progenitors. Our study suggests an alter-
native approach for generating specific cell populations suitable
for personalized cell therapy approaches for the treatment of
neurodegenerative diseases.

Results

Suppression of p53 Increased Oct4 Expression. Our previous gene
expression studies suggested that gene expression involved with the
p53 network affects alterations in cell pluripotency (17). Specifi-
cally, we proposed that induced suppression of p53 could lead to
a pluripotency state in these cells. Fibroblasts from Oct4-GFP
transgenic mice were cultured and transduced with shRNA to
suppress pS3 expression (specifics provided in Materials and
Methods). These Oct4-GFP fibroblasts do not express the pluri-
potency gene Oct4 under normal culture conditions. After trans-
duction with this specific ShRNA to suppress p53 expression, Oct4
gene was activated in some cells, as indicated by their expression of
the GFP marker linked to Oct4 promoter in the transduced cells
(Fig. 1). Some cells that expressed Oct4 also exhibited a change
in morphology. In contrast, a subset of cells that also lost their
original fibroblast morphology did not express Oct4-GFP (Fig. 1).
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The expression of Oct4 was not necessarily associated with changes
in cell morphology, supporting the notion that cell morphology is
not a sufficient marker for selecting pluripotent cells (18).

Induction of Human Keratinocytes into hESC-Like Colonies. We fur-
ther tested whether suppression of p53 can change pluripotency in
differentiated human cells. Human primary keratinocytes were
purchased from the American Type Culture Collection and
maintained as instructed. After transduction with shRNA lenti-
viral vector to suppress p53 expression, these cells were transferred
onto mouse embryonic fibroblast (MEF) feeders with stem cell
medium. Newly formed colonies appeared in these cultures (Fig.
2A4) and could be expanded (Fig. 2B) into hESC-like colonies with
distinct edges in 5 wk (Fig. 2C). These colonies were morpholog-
ically indistinguishable from normal hESC colonies. Furthermore,
they tested positive with an alkaline phosphatase (AP) assay (Fig.
2D). These colonies maintained their morphology and AP-positive
properties, even after five passages. The reprogramming efficiency
was ~0.025%. DNA finger printing was conducted with eight
specific loci of these human keratinocytes to verify the lineage
origin of these cells. The results showed that these colonies are
derived from human keratinocytes rather than from MEFs. We
further conducted the karyotype analyses on these colonies to
screen for the appearance and numbers of the chromosomal
anomalies. Chromosomal spread of gene suppression plastic cells
(GSPCs) was assessed during the growth phase after 24 h of col-
cemid treatment. The chromosome count was based on G-banding
obtained with Giemsa stain following digestion of chromosomes
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Fig. 1. Suppression of p53 expression following shRNA trans-
duction in mouse Oct4-GFP fibroblasts. After p53 suppression,
the morphology of fibroblasts gradually changed to cells with
undifferentiated round shapes. A subset of these cells also
expressed GFP secondary to activation of the GFP-linked OCT4
promoter. (A) Five weeks after p53 suppression, some round-
shaped cells appeared and only these cells expressed GFP. (B)
Six weeks after p53 suppression, more cells expressed Oct4-GFP.
(C) Seven weeks after p53 suppression, many round-shaped
cells were apparent but not all of them were GFP-positive. (All
images were taken with a magnification of 60x.)

with trypsin. These results revealed normal 46XY karyotypes (Fig.
3(C), the same as the cells from which they were derived.

Return of p53 Expression in GSPCs. Previous reprogramming studies
indicated that retroviral expression vectors were silenced after
reprogramming (1, 2, 19). We performed quantitative RT-PCR
to examine whether the p53 expression suppression was reversed
in GSPCs. As shown in Fig. 4, p53 was expressed at a level
comparable to that of hECSs (H9 strain). This indicates that pS3
suppression was reversed and the ShRNA was silenced in GSPC
colonies. These data further suggest that similar to previously
reported reprogramming factors, the suppression of p53 is lost
during the process of reprogramming.

Neural Differentiation Potential of GSPCs in Vitro and ex Vivo. Be-
cause pluripotent cells are capable of differentiating into various
cell lineages, we tested whether GSPCs could be differentiated
into neural lineages. GSPC colonies were placed into neural stem
cell differentiation medium for neural differentiation as previously
described (17). After switching to neural differentiation medium,
GSPCs changed morphology and expressed nestin. As shown in
Fig. 5, these GSPCs were positive for labeling with fluorescent-tag
antibody against nestin, a marker for neural stem cell lineage. We
further characterized the GSPCs for their neural differential
potential and migration capacity within our proprietary ex vivo
organotypic brain slice (OTS) system, a method we had estab-
lished previously (20). In the coculture of GSPCs with the ex vivo
organotypic slice, GSPCs introduced into the slice migrated out of
the injection site along resident nerve fiber tracks (Fig. 6). These

Induction of human keratinocytes into GSPCs via p53 suppression. (A) Summary of the procedure for GSPC generation. After transducing shRNA to

suppress p53 expression, keratinocytes were cultured on MEF feeder layers and maintained in hESC culture medium. The resultant hESC-like colonies
appeared ~5 wk posttransduction. (B) Newly formed colony. (C) Colony growing on MEFs. (D) Mature hESC-like colony with distinct edges from MEFs. (E) AP
staining indicated that the colony was AP-positive. (Images of the colony were taken with a magnification of 10x.)
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engrafted migratory GSPCs expressed human nestin, consistent
with our previous observations (20, 21). The human origin of these
cells was again confirmed, supporting their origin from GSPCs
(Fig. 6). These data demonstrated that GSPCs have the ability to
differentiate along neural lineages when introduced into an au-
thentic brain environment. Such ability is critically important for
potential clinical applications of these cells.

Neural Differentiation Potential of GSPCs in Vivo. To assess the
in vivo developmental potentials of GSPCs further, we injected
the GSPCs into SCID mice, a well-established assay testing for
teratoma formation arising from pluripotent stem cell pop-
ulations. In all three independent experiments, formation of
teratoma-like tissue cysts was observed 5 wk postinjection. Mor-
phologically, the neoplastic tissues were evident in these tissue
cysts, suggesting the developmental plasticity of the GSPCs. Total
RNA and proteins extracted from the tissue cysts were subjected
to semiquantitative RT-PCR and Western blot analysis to de-
termine p53 mRNA and protein expression, respectively. As
shown in Fig. 7, both p5S3 RNA and protein were detected in
GSPCs and tissue cysts generated from GSPCs. Immunohisto-
chemical analysis of the tissue sections derived from these tissue
cysts indicated that they contained early neural lineage cell types,
staining positively for human-specific S-100 protein. S-100 protein
is normally present in cells derived from the neural crest (22). The
tendency of GSPCs to develop toward ectodermal fates suggests
that suppression of p53 only increases the plasticity of the kera-
tinocytes. The suppression of p53 in keratinocytes may increase
the plasticity of these cells for their development toward a neural
lineage (from which the keratinocytes are derived). The kerati-
nocyte-derived GSPCs were not reprogrammed to the pluripotent
stages more primitive than ectodermal origin. This GSPC feature
of p53 expression and limited pluripotency may prove to be an
asset for clinical application of GSPCs because it may represent
a safety barrier restricting tumorigenicity of GSPCs.

Li et al.
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a ' l ‘ Fig. 3. Cytogenetic analyses of GSPC. GSPCs were
cultured to obtain cells in the interface (as indicated

v 1 by arrows) in A (magnification, 10x) and B (mag-
nification, 20x). (C) Karyotype analysis confirmed
8 =~ that GSPCs had the correct number of chromo-
somes, and no apparent structural abnormalities
x v were observed.
Discussion

Our study suggests that transient suppression of p53 expression
increases the pluripotency potential of somatic cells, such as ker-
atinocytes. In our study, down-regulation of p53 triggers activation
of Oct4 expression in mouse somatic cells (MEFs). Oct4 is a
transcriptional factor required in early development and for the
propagation of undifferentiated ES cells in culture (23, 24). The
transcription factors Oct4, Sox2, and Nanog create a gene ex-

GSPC H9 MW

pS3

Fig. 4. Semiquantitative RT-PCR confirmed that GSPCs expressed p53. Total
RNAs were extracted from both GSPC colonies and H9 colonies and reverse-
transcribed into cDNA. Quantified cDNA (50 ng) was used for PCR with p53-
specific primers. GSPC colonies expressed p53 at a level comparable to H9
colonies. MW, molecular weight 1-kb DNA ladder (Invitrogen).
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Fig. 5. Invitro differentiation of GSPCs into nestin-positive neural stem cells
in vitro. GSPC colonies were placed into neural stem cell differentiation
medium. After 3 d in differentiation medium, immunochemical assays in-
dicated that most of these cells were positive for nestin staining. Some bi-
polar cells were observed. (Magnification: 40x.)

pression program necessary for pluripotency and self-renewal
through regulating the Wnt pathway. This is accomplished via Tcf3,
providing key developmental signals capable of tilting the balance
of core regulatory circuitry of ES cells between pluripotency and
differentiation (23). The finding that Oct4 expression is triggered
by p53 suppression is in agreement with our previous studies sup-
porting the hypothesis that the p53 gene network regulates cellular
pluripotency (17). Genes often act in a network to regulate cell
behavior. The perturbation of the p53 gene network may lead to
the expression of various transcription factors, including Oct4. This
finding could explain why p53 suppression leads to increased
reprogramming efficiency as described in other studies.

In our study, we observed that GSPCs generated nestin-positive
cells in vitro and in the ex vivo brain slice systems. These results
demonstrated the neural lineage development potential of GSPCs
for research and clinical application. In the in vivo studies, RT-
PCR with human p53-specific primers and Western blot analysis
with human p53 antibodies indicated that p5S3 was reexpressed
at the mRNA and protein level in the tissue cysts from three in-
dependent experiments. Immunohistochemical analysis of these
tissue cysts suggested that GSPCs differentiated toward ectoder-
mal tissues positive for S-100. Because the GSPCs were generated
from keratinocytes, which are themselves derived from ectodermal
tissue, our directed suppression of p53 may not be sufficient to
escape the ectodermal restriction of the developmental potential
of these cells.

Multiple lines of independent studies agree with our study and
show that p53 suppression increases the plasticity of cells in de-
velopment. Yamanaka and colleagues (25) reported that using p53
KO mouse cells and retroviruses containing the four most com-
monly used transcription factors (Oct4, Sox2, Klf4, and c-Myc)
generated up to 20% efficiency of reprogramming embryonic fi-
broblasts to form full-fledged iPSC populations. Deng’s group (6)
reported that knocking down p53 with RNAI in the presence of the

12796 | www.pnas.org/cgi/doi/10.1073/pnas.1100509108

transcription factor Utfl increases the efficiency of generating
iPSCs. Giorgetti et al. (26) successfully obtained iPSCs with only
two transgenes (Oct4 and Sox2) when p53 levels were reduced.
Hochedlinger’s group (4) improved iPSC reprogramming rates by
suppressing pS3 or Ink4a/Arf, a locus that encodes two tumor
suppressors that interact with p53. Other studies showed that the
elimination of the p53 antitumor pathway improved the repro-
gramming of cells from older organisms as well as that of cells with
heavy DNA damage or truncated telomeres (7, 27, 28).

Mutant p53 is a well-studied oncogene, and many cancer cells
lack WT p53 function. Furthermore, “gain of function” charac-
teristics associated with mutant p53 have been well documented
(29). WT p53 protein contributes to G; cell cycle arrest to allow
DNA repair and, as a last resort, even the induction of apoptosis
after DNA damage (30). The p53 KO mouse and rat lines have
been generated to study the function of p53 in tumorigenesis
(31, 32). Both the p53™~ mouse and rat develop normally, but the
P53/~ mouse is more susceptible to cancer development (31, 33,
34). Our previous study (17) and our current study agree with these
studies and may suggest a broader role for p53; the p53 gene net-
work may prove pivotal in the regulation of self-renewal through
regulation of the transcription factor Oct4 (and possibly others).
Absence of functional p53 promotes enhanced cellular plasticity
and flexibility in cell cycle progression. This may inadvertently
enhance susceptibility and survivability to the accumulation of
genetic alterations, thereby promoting cancer development. There
is a therapeutical window of opportunity for the p53-regulated
plasticity during development, which is consistent with all plurip-
otent stem cell potential for stem cell therapies (35).

Reprogramming with somatic cell nuclear transfer (36) and
iPSC technology (1, 2) demonstrated that differentiated somatic
cells can be reprogrammed into pluripotent cells. This finding
provides novel approaches to treat degenerative diseases with
patient-specific stem cells. Autologous pluripotent cell popula-
tions are needed as precursors for the generation of sufficient
patient-specific cells required for realistic cell therapy strategies.
However, these pluripotent cells also carry the risk for teratoma
formation. Populations exhibiting sufficient plasticity to switch to
a desired lineage, but not a fully pluripotent lineage, may prove
more suitable for clinically applicable cell therapy. By suppressing
p53 expression with shRNA in keratinocytes, we generated stem
cell-like colonies (GSPCs) and subsequently differentiated the
GSPCs toward neural lineages. These GSPCs were expanded
in vitro for more than 10 passages while exhibiting normal kar-
yotypes and can be differentiated into neural lineages. Healthy
keratinocytes are readily obtained from most patients to serve as
precursors for GSPCs.

In summary, our study suggests that perturbation of the p53
gene network may lead to expression of transcription factors and
produce cells susceptible for lineage switch. We also demon-
strated that p53 suppression offers a novel approach for re-

Fig. 6. Presumptive GSPCs expressed both a neural lineage
biomarker and a human-specific antigen when transplanted
into the ex vivo OTS culture system. (A) Schematic diagram of
OTS system. (Inset) Cells were labeled with transient lentiviral-
GFP vector and underwent live cell imaging. Nuclei (B; Hoechst
dye, blue), human nuclei (C; human nuclei-specific antibody,
green), and human nestin (D; human nestin-specific antibody,
red) are shown. (E) Overlay of B, C, and D (note that there is no
GFP labeling in B, C, and D). (Scale bars: 100 pm.)
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Fig. 7. Invivo characterization of GSPCs in the SCID mouse. A
(A) p53 mRNA was detected in the GSPC-derived immature
teratoma-like cell masses. Total RNA from liver cells, tera-

verted into ¢cDNA. p53 was detected in liver cells and

teratoma-like GSPCs but not in Hela cells. This result indi- P53
cates that GSPCs expresses p53, whereas the cancer cell line
Hela does not express p53 at the mRNA level. (B) Western
blot analyses indicate that p53 protein was detected in both
keratinocytes and GSPCs. Cells were grown as described in
Materials and Methods, and the lysate proteins were sub-
jected to SDS/PAGE. The samples were subjected to immu-
noblot analyses as described in Materials and Methods.
Equivalent amounts of total cell lysates were loaded to all
the lanes. Note that anti-p53 mAb specifically binds to p53
protein, whereas anti-GAPDH antibody specifically recog-
nizes GAPDH. These results further demonstrate that p53 is
present at the protein level. (C) Western blot analyses show
that p53 protein was detected in the GSPC-derived imma-
ture teratoma-like cell masses. Equivalent amounts of total
cell lysates were loaded to all the lanes. Note that anti-p53
mADb specifically binds to p53 protein, whereas anti-a-actin
antibody specifically recognizes a-actin. These results fur-
ther demonstrate that p53 is present at the protein level.

GSPC-
toma-like GSPCs, and Hela cells was extracted and con- el
Liver o

HeLa

(D) Immature epithelial cells grow in solid nests in the right and left lower corners of this image. These cells are larger than the surrounding mature stromal
cells (mostly fibroblasts and scattered groups of endothelial cells), with increased nuclear-to-cytoplasmic ratios and prominent nucleoli. Mitosis is present in
the left lower corner within the area of the immature epithelial cells, suggesting rapid growth of the cells. Areas of necrosis (not shown) were appreciated.
Foci of degenerated skeletal muscle cells with abundant pink cytoplasm are present in the center and upper portion of the image (H&E stain). (Magnification:
40x.) (E) Weak cytoplasmic positive staining of the immature epithelial cells with S-100, a neural marker, is observed, suggesting neural differentiation of

these cells. (Magnification: 40x.)

generative medicine by producing expandable patient-specific
GSPCs to be used after lineage switching.

Materials and Methods

Cell Culture. All cultures were maintained in a humidified incubator at 37 °C,
with 5% C0O,/95% air. HEK293T cells were cultured with DMEM containing
10% FBS, 1% penicillin-streptomycin (Invitrogen). Fibroblast cells from Oct4-
GFP transgenic mice were also cultured in DMEM. The human primary kera-
tinocyte cell line was purchased from the American Type Culture Collection,
and the cells were propagated and subcultured according to the pro-
vider's instructions.

Suppression of p53 by shRNA. The Thermo Scientific Open Biosystems Lentiviral
shRNAmir Library was used in this study to generate p53shRNA according to the
manufacturer’s instructions. Briefly, five constructs containing hnRNAmir tar-
geting different regions of human p53, TRCN0000003753, TRCN0O000003754,
TRCN0000003755, TRCN0000003756, and TRCN0O000010814 were ordered
from Open Biosystems. Replication-incompetent viral particles were produced
using the Trans-Lentiviral packaging system (Open Biosystems), and the viral
titers were determined. These viral particles were transduced into human
primary keratinocytes to knock down p53 expression in human cells. For mouse
Oct4-GFP MEFs, we used a shRNA vector from Open Biosystems targeted to the
mouse p53 (NM_001127233). Viral production and transduction were carried
out as instructed by the manufacturer.

Generation of GSPCs. Human keratinocytes were transduced with viral par-
ticles containing shRNA targeted to knock down p53 expression. After
transduction, cells were transferred to MEFs with stem cell medium. After 5
wk of culturing, hESC-like colonies were expanded. These colonies were then
tested with AP assays for their pluripotency. AP-positive colonies were further
selected against possible MEF cell contamination by DNA fingerprinting, and
the clones of human keratinocyte lineage were called GSPCs.

Differentiation of GSPCs Toward Neural Lineage. Proliferating cultures of
GSPCs were differentiated by replacing 50% of the stem cell medium daily
with 1:1 differentiation base medium supplemented with 1% FBS, 100 nM
all-trans-retinoic acid (Sigma), 20 ng/mL BDNF (Chemicon), and 20 ng/mL
neurotrophin-3 (Chemicon). Cells that differentiated into neural stem cells
were identified by positive immunostaining of nestin, a biomarker for neural
stem cells (37).

Li et al.

Immunostaining of Differentiated GSPCs. After culturing GSPCs in the media for
neural stem cell differentiation for 1 wk, cells were fixed for 20 min at room
temperature with 4% paraldehyde. The cells were then washed three times
with 1x PBS and permeabilized with 1x PBS containing 0.1% Triton for 20 min
at room temperature. After rinsing cells three times with 1x PBS, cells were
blocked with 1x PBS containing 10% goat serum for 1 h at room temperature.
Cells were then washed three times with 1x PBS and stained with mouse-anti-
human nestin mAb (LSBio) for 1 h at room temperature. After washing with
1x PBS three times, cells were incubated with the secondary antibody (phy-
coerythrin-conjugated anti-mouse 1gG, 1:200; Santa Cruz) in 1x PBS con-
taining 1% goat serum at 37 °C for 45 min. The unbound secondary
antibodies were removed by washing three times in freshly made 1x PBS
containing 0.5% Tween 20. The cells were then washed briefly in 1x PBS
before mounting for fluorescent microscopy analysis.

Karyotyping of GSPCs. GSPC confluent cultures were incubated in growth
medium (GM) containing 10 ng/mL colcemid for 18 h. The cells were then
lifted and centrifuged. Pellets were osmotically shocked with 0.075 M KCl and
fixed with 3:1 methanol/glacial acetic acid. Standard cytogenetic analysis
was performed by the Genetics Center (Orange, CA) (38).

Quantitative RT-PCR. Total RNA was extracted with the SV Total RNA isolation
system (Promega) as instructed from GSPC or H9 colonies, treated with DNA-
free (Ambion), and reverse-transcribed with the Sensiscript RT Kit (Qiagen). The
cDNAs were quantified with Nanodrop (Thermo Scientific), and PCR was
performed with Crimson Tag DNA Polymerase (NE Biolabs). The p53-specific
primers were as follows: forward primer, 5-TTGGATCCATGTTTTGCCAACTG-
GCC-3/, and reverse primer, 5-TTGAATTCAGGCTCCCCTTTCTTGCG-3". The ther-
mal cycle profile was 95 °C for 5 min, 95 °C for 30's, 55 °C for 30s, and 72 °C for
1 min for a total of 35 cycles (39).

OTSs. OTSs were prepared from 4-to 9-d-old neonatal mice (CD-1; Charles River
Laboratory) by modifying our previously published procedure (20). Briefly,
mice were euthanized and sterilized with alcohol for cardiac perfusion. After
decapitation, brains were placed in sterile-filtered slice culture medium on ice
as described previously. Each brain was then embedded in 4% LMT agarose
(Invitrogen), and slices ranging from 200-300 pm in thickness were generated
with a vibratome (VT100S; Leica). Stem cells (500 ~1 x 10* cellsin 0.2 uL of PBS)
labeled with a lentiviral construct carrying GFP were deposited onto the
surface of the OTSs. Engrafted cells were cultured for 1 wk on OTSs. The GFP-
labeled cells were observed and recorded daily using an Olympus IX-70
fluorescent microscope. For immunohistochemical analysis, at day 7, cells
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were fixed in freshly prepared 4% formaldehyde (from paraformaldehyde) in
Dulbecco’s PBS, pH 7.4. The formaldehyde was removed and washed with
PBS, and saturated with 30% sucrose in PBS, followed by cryostat sectioning.
The sections were rinsed in 0.1 mM Tris-buffered saline (TBS), rinsed, blocked
in TBST (0.1 mM TBS, 5% donkey serum, 0.25% Triton X-100) for 1 h, and
incubated overnight with primary antibodies (anti-human nestin antibody or
anti-human nuclei antibody; Chemicon) in TBST at 4 °C. The sections were
then rinsed and incubated with fluorescently labeled secondary antibodies
[aminomethylcoumarin acetate (AMCA), AMCA, fluorescein isothiocyanate
(FITC), FITC, Cy2, Cy3, and Rhodamine red-X (RRX); RRX; 1:250; Jackson
Immunoresearch) overnight at 4 °C. Removal of the secondary antibodies was
followed by additional washes. Some sections were stained with Hoechst
33342 (Sigma) before being rinsed and mounted. Images were taken on an
Olympus 1X-70 fluorescent microscope using objectives with a magnification
of 4x, 10x, 20x, 40, or 100x.

Teratoma Formation in SCID Mice. GSPCs grown on MEFs were collected by
collagenase treatment and injected into the hind limb muscle of 6-wk-old
immunocompromised SCID-beige mice (Charles River Laboratory). We injected
100 pL of cell suspension (~1 x 10 cells for each injection) into one of the hind
limbs. Three mice were injected for three independent experiments. After
~5 wk, teratoma-like tissue cysts were dissected and fixed in freshly prepared
4% formaldehyde (from paraformaldehyde) in Dulbecco’s PBS, pH 7.4. The
formaldehyde was removed and washed with PBS. Samples were embedded
in paraffin and processed with H&E staining as well as S100 staining at the
Histology Laboratory of the University of Southern California, School of
Medicine, Los Angeles, CA (see below for details).

Western Blot Analysis. \We have previously described the Western blot analysis
used in this study (40-43). The sample was subjected to immunoblot analysis
with anti-p53 antibody (gift from Yun Yen, City of Hope Beckman Research
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