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SUMMARY 

The differentiation of mouse embryonic stem (ES) cells can be induced in vitro after leukemia inhibitory factor (LIF) 
withdrawal and further enhanced by the formation of "embryoid body" (EB) aggregates. This strategy is being used in 
order to optimize differentiation protocols that would result in functional cells for experimental cell replacement therapies. 
However, this study presents the possibility for residual undifferentiated cells to survive after standard in vitro procedures. 
Mouse ES cells were stably transfected with the enhanced green fluorescent protein (EGFP), under the control of the 
Oct4 promote~, a transcription factor that is expressed in undifferentiated ES cells but down-regulated on differentiation. 
Residual fluorescent cells were isolated fiom EBs that were cultured in standard conditions in absence of LIF. These 
residual cells displayed recurrent gain of chromosomes 8 and 9. Residual fluorescent cells, further expanded in absence 
of LIF and cultured as EBs, still displayed a significant Oct4 expression in comparison with parental transfected ES 
cells. Consequently, these residual cells have an intrinsic resistance to differentiate. The behavior of these cells, observed 
in vitro, can be overcome in vivo, as they were able to induce teratomas in subcutaneously injected nude mice. Residual 
undifferentiated cells displayed slight levels of VASA and DAZL expression. These results demonstrate that mouse ES 
cells cultured in vitro, in standard conditions, can spontaneously acquire recurrent karyotypical changes that may promote 
an undifferentiated stage, being selected in standard culture conditions in vitro. 
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INTRODUCTION 

Different mouse embryonic stem (ES) cell lines, derived from 
preimplantation embryos, are being used to study the differentiation 
process of embryonic pluripotent cells in vitro (Nagy et al., 1993). 
In the presence of leukemia inhibitory factor (LIF), these cells can 
proliferate indefinitely in an undifferentiated state because of the 
cytokine-mediated activation of the transcription factor STAT3 (sig- 
nal transducer and activator of transcription) (Raz et al., 1999) and 
the maintenance of Oct4 expression, a POU-domain transcription 
factor (Nichols et al., 1998). Nevertheless, the relationship of these 
two pathways is not well known. Oct4 is one of the initial transcrip- 
tion factors expressed in mammalian embryogenesis. It is charac- 
terized by its exclusive expression in blastomeres, in the inner cell 
mass of the blastocyst, and in the germ cell lineage (Rosner et al., 
1990). Oct4 expression is down-regulated during gastrulation, when 
cells differentiate into the three germ layers, and there is no ap- 
parent expression in somatic lineages. Different pluripotent stem 
cells express Oct4 in culture, including ES cells, embryonal car- 
cinoma ceils, and primordial germ cells (PGCs). Therefore, Oct4 is 
a key marker of cells with pluripotency, both in vivo and in vitro 

1To whom correspondence should be addressed at Instituto de Bioinge- 
nierfa, Universidad Miguel Hern~indez, Alicante 03550, Spain. E-mail: 
jareig@mnh.es 

(Niwa et al., 2001). However, Oct4 not only acts on the control of 
pluripotency but also regulates differentiation programs in embry- 
onic cells, according to its level of expression as well as other con- 
ditions that have not yet been completely established (Niwa et al., 
2000). Consequently, Oct4 null embryos cannot develop properly 
since the derived blastocysts are nonviable (Nichols et al., 1998). 
ES cells spontaneously differentiate in vitro after LIF withdrawal in 
multicellular aggregates called embryoid bodies (EBs) when cul- 
tured in suspension (Doetschman et al., 1985). In these standard 
culture conditions, Oct4 is down-regulated in a few days, and the 
differentiation process continues (Buehr et al., 2003). During the 
normal course of embryogenesis, pluripotent cells, in the inner cell 
mass of the blastocyst, give rise to the primitive endoderm as well 
as the primitive ectoderm, which originates the three germ layer 
lineages, as well as the germ cells and additional extraembryonic 
tissues (Gardner et al., 1979). The developmental potency of EBs 
has also been studied in vitro using different pluripotent ES cell 
lines (Prelle et al., 1999). In these conditions, the differentiation 
program closely resembles early mouse embryogenesis, which in- 
cludes the gradual expression of the primitive endoderm, primitive 
ectoderm, and derivative lineages (Murray et al., 2001). Differen- 
tiation agents such as retinoic acid, as well as conditioned or de- 
fined media, have subsequently been used in the outgrow phase to 
further enhance in vitro differentiation with several differences in 

115 



116 ENSEI~IAT-WASER ET AL. 

the timing or the extension of the different cell l ineages (Hopfl et 
al., 2004). The possible derivation and culture of human ES cells 
(Thomson et al., 1998) has increased the interest in the study of in 
vitro differentiation as well as the development of strategies that 

may allow specific cell types to be obtained. Several approaches 
have been used to obtain functional cells by directing the differ- 
entiation process, preferentially toward one single cell fate. Gene 
trapping (Roche et al., 2003) or the manipulation of the culture 
media has been used for the isolation of different cell types, in- 

cluding cardiomyocytes (Klug et al., 1996), neurons (Kim et al., 
2002), and insulin-producing cells (Soria et al., 2000), which have 

been used in order to restore an impaired cellular function in animal 
models. 

A genetic construction containing the Oct4 gene promoter, reg- 
ulating the expression of the enhanced green fluorescent protein 
(EGFP), has been utilized in this research in order to study the 
differentiation progress of transfected mouse ES cells. We have 

characterized a remnant population of fluorescent cells from EBs, 

after a standard culture period, which does not follow the estab- 
l ished differentiation program. This population could be heteroge- 

neous, containing also previously characterized PGCs in an early 
stage of differentiation (Toyooka et al., 2003; Geijsen et al., 2004), 
according to the slight expression of VASA and DAZL. When these 

residual cells were isolated by cell sorting and further grown in 
absence of LIF, they showed a significant expression of Oct4, even 
after EB formation, as opposed to parental transfected R1 ES cells. 

Additionally, residual ceils were not able to differentiate in vitro 
after EBs formation. When these cells were subcutaneously injected 
into immunodeficient mice, they induced teratomas, suggesting that 
they possess a limited developmental  potency in vitro, yet at the 
same time they can be reactivated in vivo by signals that are still 

unknown. Karyotypical alterations observed in these residual cells 
suggest that they could spontaneously acquire a selective advantage 

during prolonged cultures supporting a prevalent undifferentiated 
condition in vitro. 

MATERIALS AND METHODS 

ES-ceU culture. We have used the ES cell line RI (passages 20-30) (Nagy 
et al., 1993). For undifferentiated culture, cells were grown on gelatin-coated 
(0.1% in phosphate-buffered saline [PBS]; Sigma Chemical Co., St. Louis, 
MO) dishes in Dulbeeco~ modified Eagle medium (DMEM; high glucose) 
supplemented with 15% heat-inactivated fetal bovine serum (FBS; selected 
batches; Biochrom, Berlin, Germany), 2 nrM L-glutamine, 0.1 mM f3-mercap- 
toethanol, nonessential amino acids (stock solution 100• 100 U/ml peni- 
cillin, 100 ~g/ml streptomycin, and 1000 U/ml recombinant murine leukemia 
inhibitory factor (mLIF; ESGRO | Chemicon). Other cell culture reagents 
were purchased from Invitrogen (Carlsbad, CA). The EBs were generated by 
aggregation of ES cells, transferring 2-5 • 10 ~ cells/ml to bacteriological 
Petri dishes in the previously mentioned culture medium, where cell differ- 
entiation was induced by excluding mLIF fi'om medium and reducing FBS 
to 10%. The course of EB differentiation was studied at different periods of 
time, and they were maintained in culture for up to 30 d. 

Plasmid cor~truction aru] cell transfection. The 3.19-kb Oct4 promoter was 
ligated to the 0.74-kb EGFP coding sequence attached to a BGH polyA 
sequence. In order to allow the selection of transfected cells, the construct 
also included a pGK-hygro-pA sequence, which allows constitutive expres- 
sion of hygromicin resistance. Whole construct was 9.1 kb; 3 • 10 ~ cells 
were electroporated with 60 I~g of XbaI (Roche, Bazel, Switzerland) linearized 
construct using a Gene Pulser II | (BioRad, Hercules, CA), applying one 
pulse of 0.8 kV and 3 txF. Cell suspension was then plated at a density of 
3 • 106 cells/dish onto 100-ram gelatinized culture dishes. Selection of trans- 
fected cells was initiated after 2 d by the addition of 200 txg/ml hygromicin 
(Invitrogen) to the media. 

Pluripotency assays by alkaline phosphatase and SSEA-1 staining. Alkaline 
phosphatase expression was determined by staining with the Vector Red | 
Alkaline Phosphatase substrate Kit I (Vector Laboratories, Burlingame, CA). 
The Soher and Knowles method (Solter et al., 1978) was used for the SSEA- 
1 (stage-specific emb~conic antigen-l) immunodetection. Primary antibodies 
against SSEA-1 (MC-480) were obtained from the Developmental Studies 
Hybridoma Bank (University of Iowa, Ames, IA). Secondary antibodies 
against mouse lgM conjugated with TRITC were used at a concentration of 
1:125 (Jackson Immunoresearch, West Grove, PA). Images were taken with 
an Eclipse TE200 microscope (Nikon). 

Reverse transcription/polymerase chain reaction. The EBs were collected on 
different days and washed twice with PBS, and total RNA was isolated using 
Trizol | Reagent (Invitrogen). One microgram of RNA was reverse transcribed 
using Expand Reverse Transcriptase and oligo-dT primers (Roche), following 
manufacturer recommendations. Aliquots of 0.5 Ixl of the reverse transcrip- 
tion products were used for the polymerase chain reaction using specific 
primers and the Expand High Fidelity PCR System (Roche). The mixture 
was denatured for 5 min at 95 ~ C, followed by 26 cycles of 15-s denaturing 
at 94 ~ C, 35 s at the corresponding annealing temperature, and 1 min 30 s 
elongation at 72 ~ C, plus a final elongation of 10 rain at 72 ~ C. Primer 
sequences, annealing temperatures, and amplified fragment sizes are (anti- 
sense followed by sense) as follows: 

OCT4: 
5'-AGGCCCGGAAGAGAAAGCGAACTA-3' 
5'-TGGGGGCAGAGGAAAGGATACAGC-3'; 67 ~ C, 265 base pairs (bp) 
ct-Fetoprotein: 
5'-CCTTGGCTGCTCAGTACGACAAGG-3' 
5'-CCTGCAGACACTCCAGCGAGTTTC-3'; 67 ~ C, 301 bp 
Neurofilament 200: 
5'-GAGTGGTTCCGAGTGAGGTTGGAC-3' 
5'-GACGTTGAGCAGGTCCTGGTACTC-3'; 67 ~ C, 302 bp 
13-MHC: 
5'-GCCAACACCAACCTGTCCAAGTrC-3' 
5'-TGCAAAGGCTCCAGGTCTGAGGGC-3'; 64 ~ C, 205 bp 
Nanog: 
5'-AGGGTCTGCTACTGAGATGCTCTG-3' 
5'-CAACCACTGGT133~CTGCCACCG-3'; 62 ~ C, 364 bp 
ESG- 1: 
5'-ATAAGCTTGATCTCGTCTTCC-3' 
5'-CTTGCTAGGATGTAACAAAGC-3'; 55 ~ C, 501 bp 
DAZL: 
5'-GCCAGCACTCAGTCTTCATC-3' 
5'-GTTGGAGGCTGCATGTAAGT-3'; 57 ~ C, 419 bp 
VASA: 
5'-GGCAAAGAAAAGATI'GGC CT-3' 
5'-5'-GGGT1WGGCGTTGTFCCTF-3'; 62 ~ C, 141 bp 
Actin was used as a housekeeping control gene: 
5'-AGAGGGAAATCGTGCGTGAC -3' 
5'-CAATAGTGATGACCTGGCCGT-3', 60 ~ C, 258 bp 

Amplification products were analyzed by electrophoresis in 2% agarose gels. 
Oct4 expression was assessed in some experiments by semiquantitative 

reverse transcription/polymerase chain reaction (RT-PCR). In these cases, 
ltxl of the reverse transcription products were used for PCR reactions. Ini- 
tially the linear phase of amplification was determined, and PCR was sub- 
sequently performed in triplicates using 25 cycles and the following primers, 
annealing temperatures and amplified fragment sizes (antisense followed by 
Sense): 

OCT4: 
5'-TTCTGGCGCCGGTTACAGAACCA-3' 
5'-GACAACAATGAGAACCTTCAGGAGA-3'; 60 ~ C, 217 bp 
13-Actin: 
5'-TCCCAGTTGGTAACAATGCCA-3' 
5'-CCCTAGGCACCAGGGTGTGA-3'; 60 ~ C, 128 bp 

PCR products were visualized on agarose gels, subjected to densitometric 
scanning (Quantity One Software, BioRad), and standardized against 13-actin 
in parallel reactions. 

Real-time PCR. The cDNA was synthesized as described previously; 0.25 
td of those products was used for a quantitative PCR reaction using the 
adequate primers and the LightCycler FastStart DNA MasterPLUS SYBR 
Green I (Roche). Triplicate reactions for each sample were performed in a 
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FIG. 1. Selection of R1 mouse embryonic 
stem (ES) cells transfected with the Oct4- 
EGFP construct. (A) Phase contrast and (B) 
green fluorescence of representative clones se- 
lected in presence of hygromycin after 48 h in 
monolayer culture. (C) Green fluorescence of 
embryoid bodies (EBs) originated from Oct4- 
EGFP transfected cells after 24 h in suspen- 
sion cuhure. Bar, 100 txm. EGFP, enhanced 
green fluorescent protein. 

Light Cycles, real-time thermocycler (Roche). Absolute quantification was 
achieved after extrapolation of the calculated ACt in the con'esponding stan- 
dard curve. The number of copies for each gene was normalized to 10,000 
copies of actin. The PCR program consisted ot" an initial step at 95 ~ C for 
10 rain followed by 40 cycles of 10-s denaturing at 95 ~ C, 7 s at 62 ~ C, and 
12 s at 72 ~ C, plus a final melting curve step. Primer sequences were as 
follows: 

Oct-4: 
Fw 5'-GGCGTTCTCTTTGGAAAGGT-3', Rv 5'-TCTCATTGTFGTCGGCTT 
CCT-3' 
Mvh (vasa): 
Fw 5'-GGCAAAGAAAAGATTGGCCT-3', Rv 5'-GGGTTTGGCGTTGTTCC 
TT-3', and 13-actin used as housekeeping gene 
Fw 5'-CCCTAGGCACCAGGGTGTGA-3', Rv 5'-TCCCAGTTGGTAACA- 
ATGCCA-3' 

FACS analysis. Cells were resuspended at a final concentration of 10 ~' cells/ 
ml, in PBS, containing 1 mM EDTA. A FACS Vantage SE System (BD Bio- 
sciences, San JosO, CA) was used to assess the fluorescence and cell counts 
for each intensity. This instrument was also used to isolate EGFP-positive 
cells from EBs cultured 20 d. Total event rate did not exceed 1000 cells per 
second. The efficiency and purity of isolated cells was determined using 
fluorescence microscopy. To obtain homogeneous cell suspensions, both plat- 
ed cells and EBs were either trypsinized or, in the case of dense cell aggre- 
gates, digested with 250 U/ml of collagenase (Sigma) in PBS with 1 n~l 
EDTA for 50 min at 37 ~ C and then diluted 1:1 with trypsin/EDTA 1• 
solution (Invitrogen) for 15 min at 37 ~ C. Cell disaggregation was achieved 
by pipetting through a 
5-ml pipette for 5 rain. The superuatant cells were further used after residual 
cell clusters were allowed to settle for 5 rain. Cells were finally counted, 
centrifuged, and resuspended to the final concentration described previously 
in PBS containing 1 mM EDTA. 

Karyotype analysis. Chromosome number was obtained by using Giemsa 
banding after analyzing at least 60 metaphase ceils from each cell prepara- 
tion. For nmlecular cytogenetic analysis, a spectral karyotyping (SKY) anal- 
ysis was carried out as previously desm'ibed (Rubio et at., 2005). Cells were 
exposed to colchicine (0.5 txg/ml) for 4 h at 37 ~ C and harvested routinely. 
Metaphases were prepared from the different cell types following a conven- 
tional cytogenetic protocol for nmthanol-acetic acid (3:l)-fixed cells. Slides 
were prepared from the fixed material and hybridized using the SKY method, 
according to the manufacturer's protocol (Applied Spectral Imaging, Migdal 
Ha'Emek, Israel). hnages were acquired with an SD300 Spectra Cube (Ap- 
plied Spectral hnaging) mounted on a Zeiss Axioplan miclvscope using a 
custom-designed optical filter, SKY-1 (Chroma Technology, Brattleboro, VT). 
Up to 20 metaphase cells were captured and analyzed for each cell line 
whenever possible. 

RESULTS 

Oct4-EGFP cell selection. The R1 ES cells were stably trans- 
fected with the Oct4-EGFP construct, as described in Materials and 
Methods, and several clones displaying the highest levels of fluo- 
rescence were selected, expanded in monolayer (Fig. 1A and B), 
and analyzed by flow cytometry. Only clones containing more than 
90% positive cells for the EGFP were further cultured and studied. 
These cells showed high and homogeneous alkaline phosphatase 
activity as well as uniform SSEA-1 immunostaining (data not 

shown). The selected Oct4-EGFP transfected cells were cultured in 

suspension, allowing EB formation, and displayed uniformly high 

fluorescence levels (Fig. 1C) after 48 h. These EBs were used for 
further differentiation studies. 

Differentiation of Oct4-EGFP transfected mouse ES cells. After 
LIF withdrawal, cells were cultured in suspension in order to gen- 

erate EBs, which were maintained in culture for a maximum of 
30 d. Different studies were performed to evaluate the course of the 
differentiation process,  including the analysis of green fluorescence 
and the expression level of genes related to pluripotency, as well 

as characteristic genes of the three primal~r germ layers. A repre- 
sentative experiment shown in Figure 2 demonstrates that green 

fluorescence, quantified by analysis of flow cytometry, decreased 
gradually in the EBs during their culture in absence of LIE This 
result agreed with the parallel reduction in the Oct4 transcription 
level analyzed by RT-PCR (Fig. 2), in concordance with previous 
reports (Buehr et al., 2003). During the first 5 d, the population of 
EGFP-positive cells was maintained over 95%, without any signif- 

icant decrease in the initial fluorescence intensity. However, there 
was an evident reduction of the EGFP intensity during the sixth 
day in culture, suggesting a synchronized decrease in the expression 
of Oct4. By day 8 of the EB culture, the population of EGFP- 
positive cells was dramatically reduced to 35% and the fluorescence 

gradually decreased onward. Interestingly, a slight fluorescence was 
still evident after 14 d that was increasing slowly during the last 

phase of culture reaching a 30% plateau. A significant increase in 
the Oct4 expression was, in fact, observed after day 25 in culture. 

This increase was also corroborated by RT-PCR (Fig. 2). Parallel 
temporal analysis of differentiation markers was perforuled. The ex- 
pression of a-fetoprotein (AFP), used as a representative endoderm 
specific marker, as it is shown in Figure 2, gradually increased 

during the course of culture as an indicator of the ongoing differ- 
entiation processes. In parallel with AFP, there was a high level of 
beta-myosin heavy chain (MHC) expression after 14 d, an estab- 
l ished mesoderm marker. However, the expression of neurofilament 
200, analyzed as a neuroectoderm marker, was elevated since the 

first day, suggesting a neuroectodermal commitment of these cells 
in monolayer cultures (Roche et al., 2005) (Fig. 2). Additionally, 
we studied the expression of other markers associated with pluri- 

potency, such as nanog or esg l  (Cavaleri et al., 2003), by RT-PCR. 
Nanog expression evolved almost in parallel with Oct4, decreasing 
after 5 d of EB culture and increasing gradually after 25 d. How- 

ever, the expression of esg-1 was more accentuated, decreasing only 
slightly after 14 d (Fig. 2). 

Analysis of FASA, DAZL, and Oct4 expression in residual undif- 
ferentiated cells. Oct4-EGFP transfected cells, which still showed 
fluorescence in the EBs after 20 d of culture, were isolated by cell 

sorting and further characterized. The presence of positive Oct4- 
EGFP cells after a certain period of differentiation could possibly 

be caused by the presence of residual undifferentiated cells or be- 
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TABLE 1 

EXPRESSION OF VASA AND Oct4 BY REAL-TIME POLYMERASE 
CHAIN REACTION IN PARENTAL AND RESIDUAL Oct4-POSITIVE 

CELLS CULTURED IN MONOLAYER OR IN EMBRYOID BODIES (EBs) 
AS WELL AS THE EXPRESSION IN TESTIS 

Cell type or tissue VASA Oct4 

R1 parental transfected ES cells in 
monolayer 155 • 6 

R1 parental transfected ES in EBs 7 +- 0.3 
Sorted residual cells in monolayer 343 • 21 
Sorted residual cells in EBs 132 • 9 
Testis 7196 • 115 

8253 • 345 
72 • 3 

4089•  374 
1815 • 80 
6396 • 352 

FIG. 2. Fluorescence decay in the embryoid bodies (EBs) from Oct4- 
EGFP transfected cells at different days in culture and parallel expression 
of Oct4, c~-fetoprotein (AFP), neurofilament 200 (NF), beta-myosin heavy 
chain (MHC), Nanog, Esg-1, and actin, analyzed by reverse transcription/ 
polymerase chain reaction (RT-PCR). EGFE enhanced green fluorescent pro- 
tein. 

cause of the possible generation of PGCs. In order to further analyze 
this question, we initially quantified the expression of VASA (Mvh), 
an established marker of PGCs (Tanaka et al., 2000), as well as 
Oct4 by real-time PCR (Table 1). In EBs formed with parental trans- 
fected cells, the presence of VASA was negligible. However, in or- 

FIG. 3. DAZL and VASA expression in D3 
and R1 undifferentiated embryonic stem (ES) 
cells as well as in residual fluorescent ceils 
analyzed by reverse transcription/polymerase 
chain reaction (RT-PCR). Testis (1); negative 
control (2); undifferentiated mouse D3 ES 
cells (3); R1-Oct4-GFP transfected undiffer- 
entiated ceils (4); R1 transfected cells after 20 
d in embi'yoid bodies (EBs) (5); sorted Oet4- 
positive cells after 14 d in culture (6). Actin 
was used as a control. 

der to address this question, residual fluorescent Oct4-EGFP cells 
were sorted and expanded in the absence of LIF in monolayer for 
15 d and then formed EBs for 14 additional days. Initially, we 
observed that the proliferation rate, during the first 72 h in culture 
of the residual fluorescent cell population, was similar to R1 ES cells, 
displaying doubling times of 10.12 +- 0.75 h and 9.96 + 0.86 h, 
respectively. The VASA expression of residual fluorescent cells was 
slightly higher than those observed in R1 undiffentiated transfected 
parental ES cells cuhured in monolayer (Table 1), but they were 
considerably lower than the expected for PGCs growing in such 
conditions. The expression of VASA in residual ceils was indepen- 
dent of the presence of LIF in the culture medium and decreased 
slightly after EB cultures (Table 1). In testis, which was used as a 
control, 7196 -+ 115 normalized copies of VASA were detected 
(Table 1). Normalized copies of Oct4 detected in the fluorescent 

residual cells in monolayer cultures by real-time PCR were 50% 
lower than in parental ES ceils (Table 1); this difference could be 
because residual cells were expanded in absence of LIF in order 
to maintain the conditions in which they were selected. Interesting- 
ly, after the EB culture period, residual fluorescent cells still dis- 
played a significantly high number of copies of Oct4 in comparison 
with parental R1 ES cells (Table 1). This is in agreement with the 
observed resistance of these residual cells to differentiate in stan- 
dard conditions. Because of the slight increase of VASA expression 
displayed in the residual cells (Table 1), we additionally decided 
to analyze in parallel the expression of VASA and DAZL, another 
marker of PGCs (Lacham-Kaplan, 2004) by RT-PCR (Fig. 3). Both 

genes presented a small signal in undifferentiated ES cells, and 
they displayed a slight increase in sorted residual fluorescent cells 
after 14 d in culture. All these data suggest the possibility that the 
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FIG. 4. Isolation and culture of residual 
fluorescent Oct4-EGFP transfected cells. (A) 
Phase contrast and (B) green fluorescence of 
residual Oct4-EGFP transfected cells sorted 
after 20 d in embryoid body (EB) culture and 
further expanded in monolayer for 15 d in ab- 
sence of leukemia inhibitory factor (LIF) and 
without feeder layer. These cells were further 
cultured for i4 additional days forming EBs 
and visualized by (C) phase contnlst and (D) 
green fluorescence. Bal; 100 Ixm. EGFP, en- 
hanced green fluorescent protein. 

FIG. 5. Comparative histological analyses of tumors obtained from R1 
embryonic stem (ES) cells (left, A, (2, D) and fluorescent Oct4-EGFP residual 
ceils expanded in absence of leukemia inhibitory factor (LIF) (right, B, D, 
F). Paraffin-embedded sections were stained with hematoxylin and eosin. 
Sections through tumors contain a variety of tissue types derived of the three 
embryonic layers: ectoderm (Ec) neuroepithelium (A, B); endoderm (En) cil- 
iary epithelium (C, D); mesoderm (Me) adipocytes (E) or condrocytes (F). 
Magnification •  (A, C, D, E, F), ;,<200 (B). EGFR enhanced ga'een fluo- 
rescent protein. 

population of undifferentiated residual cells could contain, addi- 
tionally, a fraction of PGCs in an early stage of differentiation. 

Monolayer cultures of fluorescent sorted cells growing in absence 
of LIF presented cell clusters with high and homogeneous fluores- 
cence (Fig. 4A and B), and some differentiated cells can be also 

observed in the outgrowth. The EBs generated with these cells dis- 
played the characteristic core of necrosis, usually observed in these 
aggregates, which is caused by a limited flow of nutrients. However, 
in contrast to EBs derived from parental transfeeted ES cells that 
showed clear signals of differentiation, such as the beating activity 
or the expression of characteristic marker genes (Fig. 2), EBs from 
residual fluorescent cells did not show any evidence of differentiation, 
and they expressed high levels of fluorescence during the 14-d period 
they were in culture (Fig. 4C and D). This result coincides with the 
significant expression of Oct4 in these EBs analyzed by real-time 

PCR (Table 1). Expression signals of AFP or MHC were not de- 

tected in these EBs by RT-PCR. 
Tumorigenic potential of residual undifferentiated cells. We further 

studied the development of these residual undifferentiated cells af- 
ter subcutaneous injection into immunodeficient mice. As a control, 

R1 pluripotent ES cells were also injected. After 30 d, we observed 
the formation of teratomas in mice injected with RI  ES cells. Mice 

injected with 1@ residual fluorescent cells displayed a tmnorigenic 
uniform mass after 90 d. Apparently, the efficiency of residual cells 
inducing teratomas in terms of time was lower than R1 ES cells. If 

the number of cells injected were higher, tumors would have ap- 
peared earlier. In any case, tumors were found circumscribed, with- 

out apparent signs of invasiveness. The microscopic analysis of tu- 

mors from both types of ceils showed a cellular diversity represen- 
tative of the three different germ layers. Areas of neuroectoderm, 

ciliary epithelium, chondrocytes, or adipocytes are shown (Fig. 5). 
This result demonstrates that residual undifferentiated cells, in 

spite of evading differentiation in vitro, are capable of inducing 
teratomas with the same potency as R1 pluripotent ES cells. The 
Oct4 expression in the tumors, originating from both R1 ES cells 

and residual fluorescent cells, was analyzed by semiquantitative 
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FIG. 6. Oct4 expression in undifferentiated embryonic stem (ES) cells and cells derived from tumors. The Oct4 expression was analyzed 
by semiquantitative polymerase chain reaction (PCR), normalizing densitometric values to the corresponding actin expression in different 
types of cells: R1 ES cells cultured in monolayer in presence of leukemia inhibitory factor (LIF) (A). Residual undifferentiated cells 
growing in monolayer in absence of LIF (B). Tumoral tissue derived from R1 ES ceils (C) or derived from residual fluorescent cells (D). 
Fluorescent Oct4+-positive cells derived from tumors and cultured in monolayer in absence of LIF without gelatin for 1 d (E) and 7 d 
(F) or in the presence of gelatin for 7 d (G) or as embryoid bodies (EBs) for 7 d (H). 

FIG. 7. Phase contrast (A) and green fluo- 
rescence (B) of tumor-derived cells obtained 
after partial digestion of teratomas formed 
from fluorescent Oct4-EGFP residual ceils ex- 
panded in monolayer in the absence of leu- 
kemia inhibitory factor (LIF). Bar, 100 txm- 
EGFP, enhanced green fluorescent protein. 

PCR, resulting in similar values in both cases, 0,5 -+ 0.05 and 0.45 
-+ 0.07, respectively (Fig. 6). These values were lower than the 
obtained for the corresponding inoculated cells, according to the 
expected down-regulation that parallels differentiation during tera- 
toma formation. This result demonstrated the presence of a similar 
fraction of undifferentiated cells in the teratomas derived from both 
types of ceils. The presence of undifferentiated cells in the terato- 
mas was supported by the selection and cloning of fluorescent cells 
from tumors developed after 90 d from residual positive Oct4-EGFP 
sorted cells (Fig. 7). The proliferation rate of these cells in the 
absence of LIF displayed doubling time similar to R t  ES cells. 
Additionally, these fluorescent cells, derived from tumors, could ini- 
tiate in vitro differentiation processes with parallel Oct4 down-reg- 
ulation, which can be visualized by the corresponding fluorescence 
decay in the outgrowth (Fig. 7) or by semiquantitative PCR. When 
they were cultured on gelatin dishes or forming EBs, Oct4 expres- 
sion was down-regulated (Fig. 6G and H), as opposed to the residual 
fluorescent cells. 

Karyotype analysis. Chromosome number and karyotypes were 
analyzed in the various undifferentiated cell types used and char- 
acterized in the present study. Residual undifferentiated cells sorted 
from EBs after 20 d in culture displayed a high percentage of het- 
eroploid metaphases, with more than 50% presenting two additional 
chromosomes (Fig. 8). In contrast, R1 ES cells showed a normal 
karyotype with a frequency over 75%. It is known that the degree 
of heteroploidy can increase by passage in culture (Freshney, 2000). 
We used R1 or D3 mouse ES cell lines in passages 20 and 15, 
respectively, with similar results. Fluorescent cells, derived from 
teratomas, also showed evident karyotypical alterations (Fig. 8C). A 

detailed study using spectral karyotyping (Table 2) showed that R1 
ES cells had, in fact, only occasional modifications, However, re- 
sidual fluorescent cells significantly displayed karyotypical alter- 
ations, consisting mainly of an additional copy of chromosomes 8 
and 9. This alteration was also observed in all studied metaphases 
from the fluorescent cells obtained from the corresponding terato- 
mas. The presence of a high number of heteroploid metaphases in 
the residual cells isolated from EBs in vitro suggested the possi- 
bility that such chromosomal abnormalities could be the reason why 
these cells are selected in vitro, keeping possibly a nonregulated 
Oct4 expression. However, the corresponding Oct4 gene does not 
reside in either chromosome 8 or chromosome 9, which appear 
mainly in the karyotypical modifications observed in these residual 
cells. Furthermore, fluorescent cells from the derived teratomas, 
having the same chromosomal abnormalities, can differentiate in 
vitro. These results suggest that karyotypical alterations in residual 
undifferentiated ceils do not derive directly from the original pa- 
rental ES cells, Therefore, alterations probably occur during cell 
culture and can contribute, in some way, to select a cell subpopu- 
lation possessing intrinsic resistance to differentiate in vitro main- 
taining a prevalent undifferentiated phenotype; this restriction is 
overcome in an in vivo environment. 

DtSCUSSION 

The mechanisms that regulate the differentiation of ES cells and 
extinction of pluripotency after blastocyst implantation during in 
vivo embryogenesis are not yet known. However, culture of mouse 
ES cells in vitro can allow the study of these processes in more 
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FIG. 8. Chromosome numbers of different 
undiffererttiated Oct4-expressing cells used in 
the present study. (A) R1 mouse embryonic 
stem (ES) ceils after passage 20. (B) Residual 
fluorescent Oet4-EGFP transfeeted cells sort- 
ed from 20-d emb~yoid body (EB) cultures. (C) 
Fluorescent cells from teratomas originated 
with positive Oet4-EGFP residual cells. EGFR 
enhanced green fluorescent protein. 
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TABLE 2 

SKY KARYOTYPE ANALYSIS OF DIFFERENT Oct4-EXPRESSING CELLS 

Cell type No. cells (%) Karyotype 

R1 mouse etnbryonic 8 (80) 40, XY 
stem cells 

Residual fluorescent 
Oct4-EGFP transfect- 
ed cells ~ 

Fluorescent cells from 
teratolnas 

1 (10) 
1 (10) 
6 (60) 
1 (10) 
1 (10) 
1 (10) 
1 (10) 
8 (100) 

40, XY; t(4; 10) 
00%) 

42, XY; +8; +9 
43, XY; +8; +9; +lO 
43, XY; +2; +8; +ll 
43, XY; +& +8; +9 
41, XY; +i; -5; -6; +8; +9 
42, XY; +8; +9 

EGFP = enhanced green fluorescent protein. 

detail. By using Oct4-EGFP R1 transfected cells, we have shown 
the presence of residual undifferentiated ceils that remain in the 
EBs after standard culture conditions in the absence of LIE The 
increase in Oct4-positive cells in an advanced culture stage can be 
partially caused by a greater proliferative potential of these cells 
compared with differentiated cells. Other cells that also express 
Oct4, such as PGCs, have been recently obtained from mouse ES 
cells, derived directly from blastocysts (Toyooka et al., 2003; Gei- 
jsen et al., 2004). We have demonstrated that the isolated Oct4- 
positive residual cells expressed low levels of VASA by real-time 
PCR and that VASA expression did not rise during EB formation, 
suggesting that the possible presence of PGCs in the residual cell 
population should be very small. In any case, this result and the 
slight expression of VASA and DAZL, observed in parallel by RT- 
PCR, also in residual cells, does not exclude the possibility that 
residual Oct4-positive ceils could also contain a fraction of PGCs 
in an early stage of differentiation (Laeham-Kaplan, 2004). So far, 
the lack of specific markers that can clearly distinguish between 
undifferentiated ES cells and PGCs makes difficult any definitive 
conclusion in this respect. Further studies should be carried out in 
order to characterize with more detail the residual undifferentiated 
cells selected in vitro. 

The presence of undifferentiated cells remaining in mouse ES 
cell cultures has been previously observed in monolayer cultures 
(Ying et al., 2003). The maintenance of Oct4 expression in this cell 
subpopulation was dependent on the presence of LIF (Viswanathan 
et al., 2003). For the first time, these undifferentiated residual cells 
from standard EB cultures have been studied and isolated in this 
investigation, demonstrating the presence of a LIF-independent 
population. A previous report established that the selective elimi- 
nation of differentiated cells allowed the survival of undifferentiated 
cells in EBs, which maintained pluripotent capabilities, probably 
because of the absence of specific inductive signals that should be 
produced by the eliminated differentiated cells (Mounfford et al., 
1998). Additionally, this investigation has demonstrated that resid- 
ual undifferentiated cells can be selected in EB cultures, even in 
the presence of differentiated cells. The residual cell subpopulation 
showed an undifferentiated phenotype in vitro, expressing high lev- 
els of Oct4 and fluorescence, even after EBs formation. Interesting- 
ly, these cells were able to induce teratomas in nude mice, probably 
caused by specific signals in an in vivo environment that could 
reactivate some intraeellular pathways. Restrictions of these resid- 

Ual cells to follow differentiation processes in vitro in the EBs could 
be caused by the abnormal observed karyotype. The molecular 
mechanisms underlying the presence of these residual Oct4-ex- 
pressing cells in vitro are being studied. Previous studies in which 
selected differentiated cells were obtained from transfected mouse 
ES cells expressing an antibiotic resistance in parallel did not show 
tumorigenic potential when implanted in mice (Soria et al., 2000; 
Le6n-Quinto et al., 2004), probably because Oct4-positive residual 
cells could be eliminated by these specific selection protocols that 
use different antibiotics. The possibility that tumors could, in fact, 
appear in implanted mice after longer periods of study cannot be 
ruled out. When using other approaches, the selection of differen- 
tiated ceils from mouse ES ceils apparently cannot avoid these re- 
sidual undifferentiated ceils because tumor formation was reported 
after transplantation (Blyszczuk et al., 2003). The present study 
suggests that the control or the suppression of Oct4-expressing cells 
after specific in vitro protocols that leads to differentiated cells 
should be taken into account in order to assure further success in 

long-terua grafts. 
Improper regulation of Oct4 or other genes related to a suitable 

differentiation response in the residual cells characterized in this 
study can be in fact the consequence of their in vitro behavior. The 
presence of an abnormal karyotype in these cells could be related 
with this effect. Recurrent karyotypic changes have also been re- 
cently described both in adult and in embryonic stem cell cultures 
of human origin (Draper et al., 2004; Rubio et al., 2005). The pos- 
sible reactivation of the pluripotency showed by these residual ceils 
in vivo in immunodeficient mice probably requires different con- 
ditions. Recently, the expression of Oct4 has been reported in adult 
stem cells as well as tumor cells (Tai et al., 2005), suggesting the 
implication of this transcription factor in the promotion of carci- 
nogenesis in certain circumstances. The signals and mechanisms 
that may condition the expression of this transcription factor, both 
in vivo and in vitro as well as in pathological conditions, should be 

further studied. 
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