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Abstract

Recent evidence indicates that nuclear and cytoplasmic extracts from undifferentiated
cells can reprogram gene expression and promote pluripotency in otherwise more devel-
opmentally restricted cell types. Notably, extracts of embryonal carcinoma cells orembry-
onic stem cells have been shown to elicit a shift in the transcriptional program of target
cells to upregulate embryonic stem cell genes, downregulate somatic cell-specific mark-
ers, and epigenetically modify histones. Reprogrammed kidney epithelial cells acquire
a potential for differentiation toward ectodermal and mesodermal lincages. Cell extract-
mediated nuclear reprogramming may constitute an attractive alternative to repro-
gramming somatic cells by cell fusion or nuclear transfer. This review highlights recent
observations leading to the concept that extracts derived from pluripotent cells contain
regulatory components capable of reprogramming somatic nuclear function. Limitations
of current extract-based reprogramming approaches are also addressed.
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Introduction

The fate of a differentiated cell is gener-
ally thought to be stable; however, increas-
ing evidence indicates that nuclear
reprogramming events leading to cellular
dedifferentiation can occur. Nuclear repro-
gramming can take place naturally or exper-
imentally. One paradigm is the replacement
ofalimb after amputation in teleostfish and
urodele amphibians. Regrowth of the new
limb is believed to involve migration, ded-
ifferentiation, proliferation, and redifferen-
tiation of epithelial cells in the wounded
area. Another classical example of nuclear
reprogramming is the derivation of pluripo-
tent embryonic stem (ES) cells (1) and the
birth of cloned offspring (2) from differen-
tiated somatic cell nuclei transplanted into
an unfertilized oocyte (a process referred to
as somatic-cell nuclear transfer). A third set
of evidence of nuclear reprogramming has
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been provided by cell fusion approaches,
whereby a differentiated somatic cell is epi-
genetically reprogrammed by fusion with a
pluripotent stem cell to express stem cell
genes and functions (3-5). A last series ot
observation provides emerging evidence
that nuclear and cytoplasmic extracts
derived from differentiated or undifferenti-
ated cells can be applied onto cells of other
types to promote some nuclear reprogram-
ming. Extract-based reprogramming
approaches have shown that differentiated
cells may be induced to “transdifferentiate”
into other differentiated cell types (6), or
“dedifferentiate” toward amore pluripotent
cell type (7). Differentiation of ES or somatic
adultstem cells with extracts of specific “tar-
get” cell types has also been reported (8).
This review critically highlights the current
state of research involving cell extracts to
reprogram cells to pluripotency.
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Heterokaryon Experiments Provide
a Rationale for Cell Extract-Based
Nuclear Reprogramming

Experiments involving fusion of mouse thymocytes with
mouse embryonal germ (EG) cells or ES cells have shown that
epigenetic reprogramming could be triggered in the thymo-
cyte nuclei (3,5). EG cells are derived from primordial gem
cells (PGCs) and contain an epigenome similartothat of PGCs.
During development, PGCs undergo complete epigenetic
reprogramming through a process of genome-wide DNA
demethylation. Interestingly, EG-thymocyte hybrids are char-
acterized by stable demethylation of both nonimprinted and
imprinted genes (3), suggesting that the epigenetic repro-
gramming property of PGCs is maintained in EG cells.
Epigenetic changes in the thymocyte nucleus are consistent
with induction of pluripotency markers such as ability to dif-
ferentiate into the three germ layers in chimeric fetuses (3).

EScells canalsoinduce pluripotency when fused to somatic
cells such as thymocytes (5), neurcnal progenitor cells (9,10)
or bone marrow-derived cells (11), and support the contribu-
tion of ES-somatic cell hybrids to all germ layers in chimeric
mice (5,11) and in teratomas (9). The cell hybridization strat-
egy for reprogramming nuclei has been recently applied to
human primary fibroblasts using human ES cells (). The
hybrids display morphological and surface-molecule expres-
sion patterns resembling that of human ES cells, and genome-
wide gene-expression analysis shows reprogramming of the
fibroblast genome toward an embryonic state to near com-
pletion(4). Undifferentiated pluripotentembryonal carcinoma
(EC) cells fused with T-lymphoma cells also promote the for-
mation of colonies expressing pluripotent cell transcripts from
the lymphoma cell genome (12). Chromatin immunoprecipi-
tation analyses histone modifications in somatic cells after
fusion with ES cells have validated the ability of ES cells to
elicit epigenetic reprogramming (13).

Collectively, these observations indicate that factors from
undifferentiated cells can elicit epigenetic reprogramming in
more differentiated celltypes when the cell contents are mixed
in a heterokaryon. Of note, unlike EG cell-thymocyte hybrids,
ES cell-thymocyte hybrids de not support DNA demethyla-
tion of imprinted genes (5). Thus, although ES cells can reset
aspects of epigenetic reprogramming in differentiated nuclei,
the ability to fully reprogram the epigenome (including DNA
methylation marks underlying imprinting) in differentiated
nuclei seems to be restricted to oocytes and EG cells.

Induction of Transdifferentiation With Extracts
of Differentiated Cells

Reprogramming of nuclei by nuclear transplantation and
cell hybridization has provided a rationale for the emergence
of cell-free strategies for triggering a new differentiation pro-
gram in stem cells or in differentiated cells. These approaches
rely on the use of an extract from a chosen “target” cell type
(the cell type one wishes to reprogram a cell inte). The extract
is expected to contain regulatory components necessary for
driving the fate of one cell type into that of the target cell type
(6). Cell extract-based systems for reprogramming cell fate
have been developed with the aim of eliciting somatic cell
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transdifferentiation (I4), stem cell differentiation (8,15), or
somatic cell dedifferentiation (7,16,17).

Another raticnale for developing reprogramming extracts
comes from extensive studies which have relied on cytoplas-
mic extracts from Xenepus eggs, seaurchin eggs and Drosephila
embryosto investigate the processes of sperm chromatin decon-
densation and male pronuclear formation (18-23). Although
at that time not qualified as “reprogramming,” the functions
involved in turning the transcriptionally silent sperm nucleus
inte a large pronucleus with decondensed chromatin and a
new nuclear envelope, and capable of replicating DNA, tran-
scribing genes, and undergoing mitotic-like chromatin con-
densation/decondensation events, might well today fallunder
thetermineclogy “reprogramming.” Postchromosomal or post-
nuclear supernatants from mitotic or interphase mammalian
cells have also proven to be powerful for unraveling mecha-
nisms of mitotic chromosome condensation (24,25}, decon-
densation(26), and nuclearenvelope assembly(27,28). Because
somatic cell extracts can be used to manipulate nuclear archi-
tecture, it is reasonable to speculate that similar cellular prepa-
rations could be prepared to alter nuclear function.

We have in recent years developed 15,000¢ supernatants of
nuclearand cytoplasmic (wholecell) lysates fromseveral model
target cell types, which can alter cell fate to various degrees
{Fig.1; 14). The approach involves reversible permeabilization
of recipient cells (e.g., kidney epithelial 293T cells) with the
pore-forming toxin Streptolysin O, transient bathing of the
permeabilized cellsin the extract and resealing of the cells with
CaCl, in serum-containing culture medium. Methods devel-
oped in our laboratory have been described in detail (29).

Usingthis approach, we have shown that 293T cellstreated
with an extract of Jurkat or primary T cells can take on T-cell
properties (14,30). Within days of extract treatment, the cells
display expression of T cell-specific genes encoding, for exam-
ple, surface receptorsand a panel of interleukins (IL), cytokines,
chemokines, and various receptors, on the basis of macroar-
ray analysis of cytokine markers, Northern blotting and
Affymetrix-based micrearray analyses (14,30). Asimportantly,
genes expressed in 203T cells (and not detected in the tran-
scriptome of Jurkat cells) are downregulated. The most promi-
nent class of downregulated genes includes those encoding
cell-adhesion molecules, an observation which correlates with
changes in adhesion properties of cells treated with Jurkat or
primary T cell extract (14,30). As a result of changes in gene
expression, extract-treated cells display T cell-specific intra-
cellular signaling pathways such as assembly of IL-2¢; and -
2B receptor chains on calcium-mediated stimulation of the
T-cellreceptor/CD3 signaling pathway (albeit downstream of
the T-cell receptor /CD3 complex) with phorbolmyristylacetate
(14). In addition, 293T cells exposed to an extract of peripheral
blood T cells secrete IL-2 in culture (30). Some of the new phe-
notypesappeartobestable forseveral months in culture. There
is howeverto date no indication of how stable the changes are
on long-term culture, or after transplantation into host tissue.

Asimilar study also attempted to promote the induction of
an insulin-producing B-cell phenotype by treatment of cul-
tured rat primary fetal fibreblasts with an extract of rat insuli-
noma INSIE cells (31). The pancreas-specific genes Pdx1 and
Insulin were transiently expressed with onset detected within
days or weeks after extract treatment. However, expression of
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Fig. I.Approach to cell extract-mediated nuclear reprogramming adopted by Taranger et al. (7). Transformed kidney epithelial 293T cells were
reversibly permeabilized with the bacterial toxin Streptolysin O and incubated for one hour in a nuclear and cytoplasmic |5,000g supernatant of
from EC (here NCCIT) cells. After dilution of the extract, cells are resealed and cultured for analysis as shown. Several controls were included in

the study, as indicated.

these genes was invariably transient, ranging from days to, at
themost, 2 wk. Although insulin was immunologically detected
in extract-treated cells, C-peptide was not assessed. Thus,
whether true reprogramming of nuclear function occurred, as
opposed to a transient alteration of cell fate remains uncertain.
Nevertheless, thereis someindication thatinsulinoma extracts
can elicit histone acetylation and methylation events in exoge-
nous chromatin (our unpublished data), so these extracts seem
to have at least some chromatin remodeling capacity.

Directed Stem Cell Differentiation
With Extracts of Differentiated Target Cells

Two published reports support the view thatextracts of dif-
ferentiated cells can elicit signs of differentiation in somatic or
ES cells. We have prepared extracts of freshly isolated car-
diomyocytes from juvenile rats and shown the expression of
cardiomyocyte proteins and functions in cultured mesenchy-
mal stem cells purified from human adipose tissue (15).
Adipose tissue stem cells (ATSCs) display a propensity to dif-
ferentiate into primarily mesodermal cell types in vitro and
in vivo, but had not been shown to be responsive to extract
stimulation. Within a few days of extract treatment, ATSCs
expressed cardiac-specific proteins including sarcomeric
a-actinin, troponin T, and desmin. In addition, markers of gap
junction assembly appeared in extract-treated cells, as judged
by targeting of connexin 43 and phosphorylated connexin 43
to the plasma membrane. Evidence for functional nuclear
reprogramming was shown by the beating of a low propor-
tion of the cells in culture (15).

More recently, a pneumocyte extract was shown to induce
differentiation of mouse ES cells toward a pneumocyte pheno-
type (8). Permeabilized ES cells expused to mouse type Il pneu-
mocyte (marine lung epithelial [MLE]-12 cells) extract displayed
increased expression of a surfactant protein C-green fluorescent
protein transgene. Immunodetection of cytoplasmic surfactant
protein C and nuclear thyroid transcription factor-1,and detection
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of lamellar bodies, organelles specific to type II pneumocytes
supported differentiation. Subsequent differentiation to a
type [ pneumocyte phenotype was demonstrated by expression
of aquaporin 5. Pneumocyte formation also occurred faster than
with growth factor-induced differentiation (8). This experimen-
tal model provides a tool for analysis of the key factors involved
in the differentiation of ESCs to type II pneumocytes.
Published studies onextract-based nuclear reprogramming
have solely relied on the in vitro characterization of extract-
treated cells; thus, the extent to which the novel phenotype—
or the new program—is stable is uncertain. Most studies
indicate that the changes elicited are transient, with the dura-
tion of expression of a target cell-specific gene varying with
the type of cell to be reprogrammed and the source of extract.
Amicroarray analysis of gene expression in 293T cells exposed
to a Jurkat extract indicates that among Jurkat cell-specific
genes upregulated within 1 wk of extract treatment, less than
20% remain expressed after three months (30). A proportion
of genes downregulated by the extractalso gradually becomes
reactivated over time. These variations may reflectincomplete
transcriptional and epigenetic reprogramming in these sys-
tems. By analogy to nuclear reprogramming events charac-
terizing somatic cell nuclear transfer, an improvement of
reprogramming efficiency may involve a “resetting” of the
somatic cell program, possibly through a dedifferentiation step.

Reprogramming Using Extracts
of Blastema and Eggs

The creation of ES cells and cloned offspring by nuclear
transplantation (1,2,32), together with the DNA demethyla-
tion and activation of embryonic genes in somatic-EG or
somatic—ES cell hybrids (3,5) suggest that undifferentiated cells
contain regulatory factors necessary for reprogramming cells
to pluripotency. Experimental evidence collected in the last
five years suggests that extracts derived from undifferentiated
cells may do the job.

¢ Vohime 2, 2006
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A first illustration is based on the induction of dedifferen-
tiation with extracts of regenerating new limbs(16). When con-
tinuously exposed to cultured postmitotic mouse C2C12
myotubes, regenerating limb extracts promote cell cycle re-
entry in 18% of the myotubes, on the basis of bromod-
eoxyuridine incorporation into replicating DNA (16). This is
accompanied by a downregulation of muscle-specific mark-
ers in approx 15% of the myotubes. Interestingly, mitosis is
also detected in approx 10% of the myotubes and approxi-
mately half of these continue proliferating as menonucleated
cells (16). The dedifferentiated phenotype seems to be main-
tained even after removal of the extract, suggesting that some
heritable reprogramming events have taken place. The
response of otherterminally differentiated cell typestoextract
of regenerating limbs or blastema has not been reported but
would be informative to provide insights on the generaliza-
tion and species-specificity of the mechanisms involved in
nuclear reprogramming.

As expected from nuclear transplantation experiments in
amphibians (33,34), extracts of Xenopus eggs were recently
shown to induce expression of pluripotency markers in 203T
cells and in primary leukocytes (17). The cells formexpanding
clusters resembling ES cell colonies and upregulate expression
of OCT+ and gerni cell alkaline phosphatase whereas downregu-
lating differentiation markers (17). However, reprogrammed
leukocytes have been shown to have a limited life-span and do
net express ES-cell surface markers, indicating that repro-
gramming under these conditions may also be only partial.

Nuclear Reprogramming Using Extracts
of Undifferentiated Carcinoma Cells

Wehave recently extended these studiestoshow that nuclear
and cytoplasmic extracts of undifferentiated human EC cells
can reprogram 2937 cells to take on properties of undifferen-
tiated cells with a petential for pluripetency (Fig. 1; 7). In coun-
tries where current legislation does not allow derivation oruse
of human ES cells, EC cells constitute an attractive alternative
to EScells for producing reprogramming extracts because they
express a gene-expression profile and stem cell functions sim-
ilar (but not identical) to ES cells (35,36). Undifferentiated EC
cells formmalignantteratocarcinomas whentransplanted into
ectopicsites. Interestingly however, some EC cell lines can also
contribute to tissues of a developing fetus when introduced
into a blastocyst (37).

A first result of treatment with EC cell extract is a change
in cell morphology (7). Colonies of 293T cells with defined
edges develop and are maintained for many passages in cul-
ture (Fig. ZA). Cells exposed to their own extract or to extract
of Jurkat T cells do not form colonies or form clearly mor-
phologically distinct aggregates (7). A second line of evidence
of reprogramming by EC extract is the induction of Octd gene
and protein expression (Fig. 2B). Approximately 60% of extract-
treated cells exhibit persisting intranuclear Octd protein label-
ing. Concomitantly, nuclear lamin A/C, a differentiated cell
marker is strongly downregulated—a clear sign of dediffer-
entiation (Fig. 2B}. Induction of OCT4 {POUISF1) transcription
and loss of lamin A{LMNA) gene expression overtime are also
evident. Furthermore, OCT{ expression is accompanied by
expression of additional markers of pluripotency including
several Octd-responsive genes (7).
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Gene-expression profiling of EC extract-treated cells showed
that about 1800 and about 1700 genes were up- and down-
regulated, respectively, relative to 293T cells (7). Of these,
approx 70 and 34%, respectively, were shared with EC cells
(EC genes) (Fig. 3A,B). Treatment of 293T cells with 293T cell
extract altered expression of only a handful of EC genes (~5%
of total genes altered), as did an extract of Jurkat T cells. This
argues for target cell type-specificity of the changes observed.
Virtually all EC genes affected by 293T or Jurkat extract were
the same and these genes proved tobe altered by chance rather
than by extract treatment. When the consistency of EC-gene
expression changes in EC extract-treated cells was examined,
we found that approx 700 genes immediately upregulated
remained expressed for more than two months, whereas more
than 160 genes remained consistently downregulated (Fig.3B).
Most annotated upregulated genesencoded proteins invelved
in transcription, cytoskeletal organization, metabolism, sig-
naling, and chromatin remodeling, whereas downregulated
genes were more evenly distributed across functional classes
{Fig. 3C).

These observations suggest that at least some of the tran-
scriptional alterations are stable. Nevertheless, probably not
all changes are heritable. Genes with unstable expression pat-
tern may include passive bystanders causing “transcriptional
noise” as a result of more specific alterations in the transcrip-
tional network. Perturbation in the network would be pre-
dicted to induce changes trickling down the network until
transcriptional equilibrium is reached (38). Accordingly,
expression of these genes would be expected to return to a
background level, but we have not noticed such stabilization,
suggesting that in addition to target cell type-specific changes
long-lasting perturbations in the transcriptome also exist.
Fluctuations in the gene-expression prefile may result from
incompletereprogramming and fromheterogeneity inthe tran-
scriptional response to extracts. Nonetheless, the dynamics of
gene expression may alse illustrate a temporal compartmen-
talization of gene activity required to establish a heritable tran-
scriptional program.

Induction of Potential for Pluripotency
and Multilineage Priming

Downregulation of Expression of LMNA,
a Marker of Differentiated Cells

The gene-expression profile elicited by EC-cell extract in
203T cells suggests the establishment of a potential for multi-
lineage differentiation (7). An indicator of dedifferentiation is
the repression of LMNA.LMNA encodes nuclear lamins A and
C, which are expressed only in differentiated or committed
progenitor cells. In agreement with an induction of dediffer-
entiation, we noted the strong downregulation of LMNA
expression specifically in EC (or ES) extract-treated 203T cells
isee Fig. 2B; 7). In contrast, cardiomyocyte extracts upregulate
LMNA expression in human ATSCs, an event, which correlates
with differentiation toward a cardiemyocyte phenotype (15),
and LMNA is reactivated on retinoic acid-mediated differen-
tiation of EC extract-treated cells (7). Thus, the state of LMNA
transcription provides a direct assessment of (de)differentia-
tion transitions mediated by cell extracts. The mechanism of
gene inactivation mediated by extracts is not known. An
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Fig. 2. Kidney epithelial 293T cells undergo phenotypic transformations after treatment with extract of EC cells. (A) Morphological changes of
293T cells 12 wk after control 293T (left panel) or EC (right panel) extract treatment and in vitro culture. Cells were passaged every week. EC
extract-treated cells form distinct colonies. Bar = 20 pm. (B) Induction of Oct4 expression and downregulation of lamin A/C in 293T cells repro-
grammed in EC extract. B-type lamins, constitutively expressed, remain apparently unaltered. Bar = 10 pm. Reproduced with modifications from

ref. 7 with permission.

attractive hypothesis involves small interfering RNAs (39),
perhaps through a control of DNA methylation (40), but this
remains to be tested.

Transcriptional Upregulation and Activation
of ES Cell-Specific Genes

An indicator of induction of pluripotency in EC extract-
treated cells is the upregulation of genes characteristic of undif-
ferentiated EC or EScells (Table 1; Fig. 4). Asresult of treatment
with EC extract, several embryonic, germ cell, and stem cell
genes are activated to levels matching those of EC cells (7). The
Oct4 gene is expressed in ES cells to maintain pluripotency,
and the Oct4 protein acts by binding to a subset of target genes
including SOX2, UTF1, and REX1/DRN3. We found all these
genes wereto be upregulated by the EC extract. As UTF1 expres-
sion requires synergistic activities of Oct4 and Sox2 (41), it is
possible that Oct4-dependent functions are established in the
extract-treated cells. Other pluripotency markers induced
include telomerase (TERT), alkaline phosphatase (APLI),
leukemia inhibitory factor (LIF), stem cell growth factor-j3
(5CGF), and germ cellnuclear factor (GCNF). Activation of these
genes occurs for at least two months in culture, but how stable
these changes are in the long run remains to be determined.
The extent to which activation of these genes conveys stem cell
functions in reprogrammed cells is also an open question.

Transcriptional Activation of Genes Indicative
of Multilineage Priming

EC cell extract-treated cells also express genes suggestive
of a potential for multiple lineage differentiation (Table 1; 7).

These include markers of osteogenic, endothelial, myogenic,
neurogenic, adipogenic, and chondrogenic lineages (42).
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Interestingly, multilineage priming is a hallmark of hematopoi-
etic stem cells (43), mesenchymal stem cells from bone mar-
row (44), and adipose tissue (42). Multilineage priming may
reflect the ability of these stem cells to differentiate into mul-
tiple cell types in the tissue in which they reside. Expression
of multilineage priming genes in EC cell extract-treated cells
suggests that the cells may be able to “survey” environmen-
tal cues. It seems, therefore that the transcriptional signature
of EC cell extract-treated cells crosses germ layer boundaries.

Differentiation Plasticity of Cells Exposed
to EC Extract

In vitro observations suggest that the differentiation plas-
ticity of EC extract-treated cells is enhanced (7). Exposure of
reprogrammed cells to retinoic acid stimulates the emergence
of neuronal progenitor cells. These exhibit neurite out-
growths, express neuron-specific genes and neuronal mark-
ers such as cytoplasmic NF-200 and intranuclear NeuN. EC
extract-treated cells can also be induced to acquire charac-
teristics of adipocytes, osteoblasts, or endothelial cells.
Logically, expression of OCT4is downregulated. These obser-
vations strongly suggest that extracts of EC cells promote
dedifferentiation as well as multilineage differentiation poten-
tial in an otherwise more restricted cell type. However, in
vivo evidence of pluripotency is still lacking, and it would
be valuable to demonstrate whether reprogrammed cells can
contribute to chimerism or form teratomas.

Can Cellular Extracts Promote Epigenetic
Reprogramming?

Maintenance and persistence of de inovo transcriptional activ-
ity in extract-treated cells require the establishment of an
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Fig. 3. Microarray analysis of gene expression in EC extract-treated 293T cells. (A) Venn diagram identifying EC-specific genes that are up- or
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epigenetic code characteristic of, ideally, the chosen target cell
type. Emerging evidenceindicates that whole cell extracts may
impusetarget cell type-specificremodeling activity ontoexoge-
nous chromatin. A chromatin immunoprecipitation analysis
using an antibody against pan-acetylated histone H4 showed
that the IL2 promoter undergoes histone H4 hyperacetylation
following treatment of 293T cells in T cell extract (14). This
modification is specifically elicited by extract of activated
T cells (an extract of resting T cells had no effect} and is accom-
panied by transcriptional activationof the IL2 gene. Thisargues
forthe physiological relevance of chromatin remodeling activ-
ities triggered by the extract at the IL2 promoter.

A second line of evidence of epigenetic reprogramming
comes from recent unpublished data from our laboratory. 293T
cellsexposed to EC extractexhibithyperacetylation of H3lysine
(K)9 in the OCT4 distal enhancer several weeks after extract
treatment. However, no indication exists to date on how early
histone modifications take place, or on how stable these alter-
ationsare. Yet, because H3K9 acetylation of OCT4 was detected
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weeks after extract exposure, and because extract-treated
cells divide every 24 h, there is indication that at least this
modificationis heritable. A panel of six histone modifications
is currently being examined in EC extract-treated cells in cor-
relation with transcriptional up- or downregulation of specific
genes, to provide additional evidence that cell extracts can elicit
locus-specific chromatin remodeling in exogenous substrates.

Althoughhistone modifications are heritable, they aremore
labile than DNA methylation changes and thus may not pro-
videa comprehensive indication of heritable chromatin remod-
eling in extract-treated cells. Recent preliminary published
evidence suggests that the EC (NCCIT) cell extract retains the
ability to reprogram DNA methylation at the OCT4 locus in
293T cells (7). Perhaps the mostaccurate way of assessing DNA
methylation changes is the bisulfite sequencing method.
Bisulfite sequencing enables identification of individual methy-
lated cytosines in CpG dinucleotides in single DN A molecules
{45,46). Our data illustrate the clear demethylation of six out
of eight cytosines between conserved regions CR2 and CR3 in

o Volune 2, 2006
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Fig. 4. Expression of ES cell genes in 293T cells exposed to EC extract. (A) End point RT-PCR analysis of expression indicated genes in 293T cells

exposed to 293T or EC extract and cultured for two weeks. (B) Time-c

ourse real-time RT-PCR analysis of expression of indicated genes in cells

treated as in (A). Expression values in EC (NCCIT) cells relative to 293T cells are also shown { ‘). Expression levels are adjusted to those of GAPDH.

the OCT4 promoter (47). In mouse nuclei transplanted into
Xenopus oocytes, Oct4 demethylation is required for Oct4
transcription (34), thus our observations are consistent with
long-term OCT4 expression in extract-treated cells. A impor-
tant remaining issue is how early OCT4 promoter demethyla-
tion takes place after extract treatment, particularly in light of
the early induction of Oct4 transcription in 3T3 fibroblasts
exposed to mouse ES cell extract (7). The process driving OCT4
DNA demethylation remains unclear but seems to require
deproteinization (34), and may involve cleavage of methyl
groups (48) or cytosine deamination (49). The ability to induce
DNA demethylationinbulk nuclei after extract treatment may
make it technically possible to characterize and possibly iden-
tify the DNA demethylation activity involved.

Inaddition tolocus-specificmodifications, reprogramming
of global gene expression in extract-treated cells is likely to
involve a genome-wide remodeling of chromatin. Remodeling
of mammalian chromatin by Xenopus egg extract has been
shown to require the ATPase activity of the SWI/SNF chro-
matin remodeling complex (50). This activity is presumably
used to slide nucleosomes along DNA to facilitate transcrip-
tion of nucleosomal genes. In a similar system, the SWI1/SNF
ATPase BRG1 was shown to be involved in the transcriptional
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activation of OCT4 by Xenopus egg extract (17). Controlled
manipulations of epigenetic alterations may enhance the
heritability of gene expressioninreprogrammed cellsand may
prove beneficial for stable reprogramming of nuclear function.

Challenges Ahead

A number of significant developments are required to pro-
vide a full validation of extract-based nuclear reprogramming
strategies.

1. The genotype of the reprogrammed cells needs to be char-
acterized to ensure that no genetic perturbations result
from extensive manipulations. Because undifferentiated
EStend todevelop aneuploidy and EC cells areaneuploid,
ploidy of the extract-treated cells should also be assessed
particularly if cells are to be cultured for many passages.
One needs to assess the long-term stability of the phe-
notypic and transcriptional changes elicited in the repro-
grammed cells. Only results extending to several months
of culture have been reported to date, and the (consis-
tent) trend observed whereby transcriptional changes

may be perturbed by noise and/or prove to be unstable
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(at least for some of them) raises concerns on the long-
term maintenance of a new gene-expression profile.

. To cur knowledge no effect has been reported to date on

the in vivo function of the reprogrammed cells. Teratoma
formation in immunosuppressed mouse hosts, or con-
tribution to all germ layers in chimeric animals are
required tests to convincingly demonstrate induction of
pluripetency by nuclear reprogramming. Similarly, the
in vivo fate of either transdifferentiated cells or repro-
grammed pluripotent cells redirected toward a new dif-
ferentiation pathway should be addressed.

Maore efforts are required to map the epigenetic status of
reprogrammed cells. Only a few reports provide evidence
for changes in DNA methylation (3,4} and histone mod-
ifications (13) after reprogramming somatic cells by fusion
with ES cells; such evidence is only emerging for extract-
treated cells. Ongoing work in cur laboratory aims at
unraveling epigenetic marks characterizing EC or ES
extract-treated cells. Investigating these issues is antici-
pated to identify new variables susceptible to affect the
efficiency of extract-based nuclear reprogramming,.
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