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Five decades of nuclear transfer 
(NT) experiments have established a 
key principle in developmental genetics 
- despite vast functional differences, vir-
tually all of the cells in an adult organ-
ism maintain an identical genome [1]. 
Studies in several species have shown 
that the nucleus of a differentiated cell 
can be reprogrammed by exposure to 
egg cytoplasm, which re-initiates an 
embryonic genetic program in the trans-
ferred genome and permits the devel-
opment of an identical adult organism 
(i.e. cloning). The demonstration that 
one adult cell can give rise to any other 
cell type has fueled tremendous interest 
in therapeutic applications, wherein a 
patient’s own healthy cells would be re-
programmed to replace other cell types 
that have been damaged by disease or 
age. However, despite a half century of 
NT experiments in several species, the 
process by which genomes are repro-
grammed remains largely unknown, in 
large part due to the inefficiency of NT 
and experimental limitations in manipu-
lating the egg cytoplasm. Other, more 
tractable methods exist to reprogram 
cells from an adult to embryonic (or 
pluripotent) phenotype, including cell 
fusion [2] and direct reprogramming to 
create induced pluripotent stem (iPS) 
cells [3]. In a recent report, Bhutani et 

al. [4] begin to shed some light into the 
“black box” of reprogramming (Figure 
1). By demonstrating the rapid and 
efficient induction of pluripotency-
associated genes in human fibroblasts 
after fusion to mouse embryonic stem 
(ES) cells, and the perturbation of this 
induction when a candidate factor (Ac-
tivation-induced Cytidine Deaminase, 
or AID) is disrupted, the authors pro-

vide new insights into the mechanisms 
regulating the path to pluripotency. As 
importantly, in doing so, they bolster 
emerging evidence that AID may be 
involved in the elusive process of active 
DNA demethylation.

To assay for reprogramming towards 
pluripotency, Bhutani et al. used poly-
ethylene glycol (PEG)-mediated fusion 
of somatic cells and ES cells to create 

Figure 1 The black box of reprogramming. Despite the innovation of multiple 
methods to convert a somatic cell to a pluripotent phenotype over the past 50 
years, the mechanisms remain largely unknown. Reprogramming methods: (1) 
Nuclear transfer: injection of a mammalian somatic cell nucleus into an enucle-
ated oocyte will re-initiate the zygotic gene program in the transferred nucleus 
and permit embryonic development to the blastocyst stage (or later), from which 
pluripotent cells can be derived. (2) Cell fusion: after fusion of somatic cells with 
embryonic stem (ES) cells, the genetic program of the ES cell dominates in re-
sulting heterokaryons, with pluripotent gene expression and epigenetic patterns 
evident in the somatic cell nucleus. (3) Direct reprogramming: introduction of 
defined transcription factors (e.g. OCT4, SOX2, KLF4, MYC) into somatic cells 
followed by selection under ES cell culture conditions yields induced pluripotent 
stem (iPS) cells, with morphological and functional features indistinguishable from 
blastocyst-derived ES cells.
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heterokaryons, in which the genetic 
program of the pluripotent cell has been 
found to dominate [2]. Because they 
used interspecies cell fusion, the au-
thors were able to distinguish new gene 
expression from the human nucleus as 
opposed to the mouse nucleus. Com-
pared to human fetal lung fibroblasts 
that were co-cultured (rather than fused) 
with mouse ES cells, interspecies het-
erokaryons showed a modest 10-fold 
induction of the pluripotency-associated 
genes OCT4 and NANOG after 3 days. 
To assess the efficiency of OCT4 and 
NANOG induction, the authors sorted 
single heterokaryons and found that 
70% of the fused cells expressed both 
genes. Thus, in contrast to iPS cell gen-
eration, reprogramming of the human 
genome (as measured by the induction 
of pluripotency-associated genes) by 
fusion with mouse ES cells is rapid, and 
provided the authors with an assay to 
investigate the molecular mechanisms 
of OCT4 and NANOG gene activation.

CpG methylation is an epigenetic 
mark associated with heterochromatin 
and transcriptional silencing in mam-
malian DNA. Using bisulfite conversion 
followed by cloning and sequencing 
of PCR amplicons, the authors inves-
tigated methylation changes at the 
endogenous human OCT4 and NANOG 
promoters following cell fusion. In 
correlation with gene expression, 
fibroblasts possessed heavily methy-
lated OCT4 and NANOG loci, whereas 
day 3 heterokaryons showed frequent 
demethylation at both promoters. This 
observation allowed the authors to ap-
proach the long-standing question of 
how mammalian DNA is demethylated. 
CpG demethylation may occur passively 
by failure of maintenance methylation 
following DNA replication, or actively 
by the replication-independent modifi-
cation and/or removal of methylcytidine 
from DNA [5]. However, because the 
mechanisms of active demethylation 
have been extremely difficult to define, 
the existence of this pathway remains 
a subject of considerable controversy 

[6]. In this context, Bhutani et al. made 
the remarkable observation that despite 
demethylation of the OCT4 and NANOG 
promoters, > 94% of heterokaryons did 
not undergo cell division by 3 days after 
fusion, as judged by BrdU incorpora-
tion and staining for the proliferation-
associated antigen Ki67. These obser-
vations suggest that the human OCT4 
and NANOG promoters are subject to 
active demethylation after fusion with 
mouse ES cells, and that cell division 
is not essential for reprogramming of 
these loci. The authors next investigated 
one of several proposed pathways for 
active demethylation - deamination of 
methylcytidine by AID/APOBEC fac-
tors, followed by repair of the resulting 
thymidine:guanine mismatch with un-
methylated cytidine [5]. They focused 
on AID, best known for its role in class 
switch recombination and somatic hy-
permutation of immunoglobulin genes 
in B cells [7], because of its presence 
in pluripotent cells [8] and proposed in-
volvement in active DNA demethylation 
in zebrafish post fertilization [9]. After 
siRNA-mediated disruption of AID 
in both fusion partners, induction of 
OCT4 and NANOG gene expression in 
heterokaryons was severely abrogated, 
which correlated with a lack of OCT4 
and NANOG promoter demethylation 3 
days post-fusion. This effect could be 
rescued by ectopic expression of hu-
man AID protein in the mouse ES cells 
prior to fusion. These results implicate 
AID in the demethylation of the OCT4 
and NANOG loci after cell fusion, and 
support the model of indirect active 
demethylation of mammalian DNA 
by a mechanism involving cytidine 
deaminases. The authors finally showed 
that AID proteins were associated with 
the promoters of inactive but not active 
genes in human fibroblasts and mouse 
ES cells, suggesting that AID proteins 
directly bind methylcytidine at silent 
genetic loci and stand poised to modify 
these residues in response to activating 
signals. 

Collectively, the results of Bhutani 

et al. demonstrate how cell fusion can 
be used to dissect the molecular events 
underlying developmental changes in 
cell fate. Several important questions 
remain: (1) Are the same mechanisms 
at work during reprogramming by NT 
or in the generation of iPS cells? The 
possibility is favored by the observa-
tions of active demethylation of the 
paternal genome after natural fertiliza-
tion [10], and the facilitation of iPS cell 
generation using agents that interfere 
with maintenance of DNA methylation 
[11]. Moreover, AID has recently been 
implicated in epigenetic reprogramming 
via erasure of DNA methylation in 
primordial germ cells [12]. The results 
of Bhutani et al. suggest that AID func-
tion is not replaceable by other cytidine 
deaminase family members. Therefore, 
it would be interesting to compare the 
efficiency of NT and direct reprogram-
ming using cells from wild-type versus 
AID null mice, and to assess the effects 
of AID disruption on human iPS cell 
generation, either through AID knock-
down or using cells from patients with 
Hyper-IgM Syndrome 2 caused by AID 
mutations. (2) What are the mechanisms 
activating AID during reprogramming? 
The observation by Bhutani et al. that 
AID binds to the OCT4 and NANOG 
promoters in fibroblasts, where the loci 
remain methylated, implies that the 
presence of AID is not sufficient for 
demethylation. Factors either resident 
in mouse ES cells or induced in the het-
erokaryons must therefore be invoked 
to explain AID-mediated activation of 
demethylation at these loci after fusion. 
(3) What are the other steps and com-
ponents in a proposed pathway leading 
from deamination of methylcytidine to 
replacement by unmethylated cytidine? 
In showing that candidate factors can be 
manipulated to perturb gene induction 
and DNA demethylation at specific 
loci in cell fusion assays, the study by 
Bhutani et al. provides an experimen-
tal system to illuminate not just one 
but two black boxes of developmental 
genetics.
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