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ABSTRACT

Th e pluripotency of embryonic stem cells (ESCs ) makes 

them a potentially attractive resource for generating clinically 

useful somatic cells except for the problem of immune rejection.   

In eff ect, a transplant of cells diff erentiated from an ESC line is 

no diff erent than receiving cells from the individual that would 

have developed from the embryo that from which the ESCs were 

originally derivedfrom.  In view of this, it should not be surpris-

ing that the recipient’s immune system could attempt to reject 

the incoming “foreign” cells.  Th is is the primary reason why 

techniques to make individualised  human pluripotent stem 

cells hhave been intensively investigated over the last twenty 

years.  Initial attempts focused on the possibility of “therapeutic 

cloning”, the deliberate creation of a human embryo by transfer 

of a somatic nucleus from the intended recipient into an oocyte 

from a human donor, with the aim of creating a tailor-made 

stem cell line from that embryo’s inner cell mass;, however, this 

method has not yet been successful (1,2). Th erapeutic cloning 

may indeed have been rendered obsolete by the technique of 

induced pluripotency (3,4), and if the products of this meth-

od, namely induced pluripotent stem cells or iPSCs, are truly 

equivalent to ESCs, this could be the way to usher in the long 

promised age of personalised regenerative medicine.  Th ere are 

still substantial problems to overcome before this becomes real-

ity.  Even if iPSCs and ESCs are equivalent, we still need to de-

velop reproducible methods to direct their diff erentiation into 

clinically useful cells or tissues in a cost-eff ective manner. More-

over, we must ensure that the resulting cells are functionally 

equivalent to their adult body counterparts and do not create 

additional health problems years after their administration.  In 

short, there is still much work to be done.

EARLY ATTEMPTS AT CELLULAR ALCHEMY

There may be other ways to produce clinically useful differ-

entiated cells that do not require the formation of pluripotent 

stem cells.  This might be advantageous because pluripotency 

seems to compromise the cells ability to give rise to equivalent 
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adult somatic cells.  Once a genome has been reverted back to 

an embryonic state, it is difficult to obtain somatic cell types 

that differentiate from this state to function as though they were 

part of the adult body. Thus, how could we make the desired 

cell types in other ways?  One possibility would be to convert 

one adult somatic cell type into another by reprogramming its 

gene expression profile (or transcriptome). Cell fusion studies 

suggested that the cytoplasm of ESCs was able to reprogram 

fibroblast nuclei into a pluripotent state (5), which supports the 

idea that the transcriptome of cells may be altered more read-

ily than previously imagined.  In addition, other data suggested 

that some somatic cells were able to change into other types 

under the appropriate culture conditions, which begs the ques-

tion “can we convert one cell type to another simply by exposing 

the target cell to the cytoplasm of the other cell type?”   In 2002, 

studies published by the laboratory of Phillipe Collas suggested 

that exposure of human fibroblasts and fibroblast nuclei to ex-

tracts from T cells changed the transcriptome of the fibroblasts 

to resemble that of the T-cells  (6).  The technique was further 

developed by the transient permeabilisation of whole cells using 

streptolysin O followed by exposure to a T-cell extract treated 

with RNaseI to eliminate the possibility of fibroblast transcrip-

tion of transferred T-cell mRNA.  Fibroblasts exposed to the 

extract were resealed by treatment with dilute calcium chloride 

and then expanded in culture. Reprogrammed cells began to 

express surface antigens typical of haematopoietic cells 24-60 

hours after exposure to the T-cell extract, indicating that these 

were newly translated molecules and had not been simply car-

ried over in the extract. Furthermore, acetylation of the pro-

moters of the genes encoding such proteins suggested that 

epigenetic reprogramming of the fibroblast genome had taken 

place to impose the transcriptome of the T-cell, at least in part 

on a different genome.  The  reprogramming ability was not 

confined to T-cell extracts, as Collas’ group went on to demon-

strate that the treatment of primary rat fibroblasts with extracts 

from a rat insulinoma cell line induced expression of the pan-

creas-specific Pdx1 and insulin genes (7).  This was followed by 

directed differentiation of pluripotent mouse ESCs into type II 

pneumocytes (8) and cardiomyocytes (7); however, expression 

of the genes upregulated by reprogramming was often tran-
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sient depending on the nature of the type of cell derived.  Rat 

insuloma reprogrammed fibroblasts could only maintain Pdx1  

and insulin gene expression for several days, although Jurkat 

cell extract treated 293T cells were able to maintain the new 

transcriptome over three months, albeit with progressive de-

creases in expression levels (9).  This implies that the epigenetic 

reprogramming requirement for exogenous gene upregulation 

is not permanent.   Conversely, there is evidence from stud-

ies from Collas’ group and others that the newly imposed epi-

genetic modifications are heritable because activating histone 

modifications are detectable more than a week after extract ex-

posure in cells that are known to divide every 24 hourshrs .  Not 

all possible histone modifications that could constitute a stable 

gene expression control system were measured in these cells, 

and, in any case, these are more labile and subject to frequent 

change than the overall levels of DNA methylation at the pro-

moters of upregulated genes.  Bisulphite sequencing allows us to 

identify methylated cytosines in CpG dinucleotides (10), which 

has shown substantial demethylation of the OCT4  promoter 

in mouse fibroblasts treated with mouse ESC extracts.  Again, 

the stability of this DNA methylation is uncertain and has only 

been analysed in detail for somatic cells reprogrammed by ESC 

extracts in an attempt to generate pluripotent stem cells.  It is 

possible that reprogramming using somatic cell extracts (such 

as cardiomyocytes) may not lead to such extensive demethyla-

tion of target genes, which could account for the instability of 

the imposed transcriptome.

IMPROVING DIRECT INTERCONVERSION OF 
SOMATIC CELLS

The reprogramming phenomenon shown in previous 

studies likely resulted from the presence of cytoplasmic 

“factors” in the cells used to make the reprogramming ex-

tract that were not identified by Collas’ or other groups.  

Identifying and applying these factors might generate an 

improved strategy for generating specific cell types as long 

as the factors are specific to the desired cells and capable 

of reprogramming. Several studies have now indicated 

that ectopic overexpression of isolated factors can turn 

one differentiated cell type into another, although this is 

usually within the same lineage. This means that cells de-

rived from the mesoderm during embryogenesis tend to 

be able to produce only other types of mesodermal cells.  

The same seems to hold true for cells of the ectoderm and 

endoderm. Thus for the most part, these differentiations 

are not considered to undergo transdifferentiation.

DIRECT CONVERSION
TO NEURONS

The first example of this type of conversion was the 

conversion of mouse and human fibroblasts into functional 

neurons by transfection of the former with only three neu-

ron-specific transcription factors.  Following the argument 

that the transcription factors that most closely defined the 

neuronal transcriptome, a total of 19 neuron specific genes 

were packaged into lentiviral vectors and used to transfect 

mouse tail tip fibroblasts. Those combinations of transcrip-

tion factors required to induce neurogenesis were narrowed 

down to Ascl1, Brn2 and Myt1l (11).  The fibroblasts were 

obtained from 3-day-old Tau-GFP and Rosa26-rtTA mice to 

enable the detection of neural progenitors via their expres-

sion of green fluorescent protein (GFP) under the control of 

the Tau promoter (a neural-specific gene).  GFP expression 

was detectable a few days after transfection, and after FACS 

enrichment, these cells were able to integrate into the layers 

of previously cultured neonatal cortical neurons. Thus, the 

ability of the direct conversion cells to form functional syn-

apses was demonstrated.  Electrophysiological characteris-

tics of the cultured Tau-GFP cells were measured by patch 

clamp, and they  were shown to generate repetitive action 

potentials similar to those of mature neurons.

CARDIOMYOCYTES FROM
FIBROBLASTS

The group led by Sheng Ding at the Scripps Research 

Institute is well known for its publications describing the in-

fluence of small molecules on the epigenetic reprogramming 

process of iPSC derivation, but in December 2010, they pub-

lished a method for the direct conversion of mouse embry-

onic fibroblasts (MEFs) into differentiated cardiomyocytes. 

Although, in this case, they used a similar method to iPSC 

induction but with culture conditions designed to favour 

cardiogenesis.  As for the neuronal conversions above, they 

made use of a myocardium-specific reporter gene driving 

LacZ expression, but transfection of the MEFs was carried 

out with Oct4, Sox2 and Klf4, which would normally be ex-

pected to drive the fibroblast genome towards pluripotency 

when exposed to the appropriate culture conditions. The 

presence of cardiogenic cells was indicated by transient, 

widespread β-galactosidase expression, and modification of 

the culture medium to a progressively lower concentration 

of fetal bovine serum and inhibitors of JAK-STAT signalling 

enhanced the number of cells presenting mid-stage cardiac 

markers, such as Flk1, Nkx2.5 and Gata4, approximately 9 

days after transfection.  Late-stage cardiac markers such as 

cardiac troponin appeared after 11 days, and areas of spon-

taneously contracting tissue appeared on day 15.  Addition 

of the cardio-inductive growth factor Bone Morphogenetic 

Protein 4 (BMP4)  increased the number of contracting ar-

eas by nearly 150-fold (12). The contraction rate was vari-

able, ranging from 4-130 beats per minute, but, they also 

exhibited calcium transient  and electrophysiological action 

potentials similar to those reported by other groups, which 

suggested a primarily atrial phenotype for the cardiomyo-

cytes generated in this work.  

The method used to generate cardiomyocytes in this 

manner is interesting because it suggests that the fibro-

blasts may have been reprogrammed to a pluripotent state 
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before re-differentiating down a cardiogenic pathway. Al-

though this cannot be formally ruled out, it is an unlikely 

scenario because commitment to the cardiac lineage oc-

curs soon after transfection with the lentiviral vectors, and 

typical indicators of the onset of a pluripotent state, such 

as the upregulation of the endogenous copy of Nanog, are 

scarcely observable.  Examination of the latter point us-

ing fibroblasts obtained from mice carrying a Nanog-GFP 

reporter construct suggested that pluripotent cells were 

not present at the time points from which cardiac markers 

appeared in the cell cultures.  Bonafide markers of pluri-

potency only appeared under growth conditions that pro-

moted formation of iPSCs and at much later time points 

after transfection.  Taken together these observations 

point to the emergence of cardiac lineage cells from non-

pluripotent precursors.

MAKING BLOOD

A key observation made by the Bhatia group was the 

expression of the pan-haematopoietic marker CD45 in 

some colonies of cells during iPSC derivation.  Approxi-

mately ten days after transfection with OCT4, SOX2, KLF4 

and / or c-MYC, the cells no longer resembled the parent 

fibroblasts but did not have any similarity to genuine iP-

SCs. The presumption is that these are cells at some in-

termediate stage of dedifferentiation, but it is not yet clear 

if reprogramming entails progressive reversal of lineage 

commitment or erasure of the epigenetic information 

controlling cell identity over a short timeframe. Bhatia’s 

suggestion is that the bulk of the epigenetic erasure is per-

formed by the ectopic expression of OCT4, but this factor 

cannot induce pluripotency on its own and needs SOX2 

and KLF4, at least, to complete the process.  No markers of 

pluripotency such as Tra-1-60, which can normally be de-

tected by day 21 of normal iPSC induction, were observed, 

and OCT4 transduced fibroblasts were unable to generate 

teratomas in immunodeficient mice (13). OCT4 overex-

pression produces detectable numbers of CD45 expressing 

cells 21 days after transfection, and although this method 

is a departure from the transcription factor screening tech-

nique employed to select neurogenic factors, it presents a 

tantalising possibility of making blood cells for autologous 

transplant into adults. 

Gene expression analysis of the OCT4-CD45-ex-

pressing cells (enriched by FACS for the CD45 cell 

surface antigen) showed a high degree of similarity to 

haematopoietic progenitors derived from peripheral 

blood or umbilical cord blood, which implies a possible 

haematopoietic function for these cells.  Expansion of 

OCT4-CD45 cells in the presence of cytokines that sup-

port haematopoietic progenitor development gave rise to 

progeny expressing surface antigens characteristics of a 

range of differentiated haematopoietic cell types such as 

monocytes (CD14) and myeloid progenitors (CD33 and 

CD13) in addition to cells with typical neutrophil, eo-

sinophil and basophil morphologies.  OCT4-CD45 cells 

transplanted into myeloablated immunodeficient NOD/

SCID IL2Rγc-null mice contributed largely to the devel-

opment of cells with a myeloid phenotype, although the 

level of engraftment was comparable to that obtained 

with umbilical cord blood progenitors. Importantly, the 

primary engrafted OCT4-CD45 cells showed only limit-

ed ability to engraft a secondary NOD/SCID IL2Rγc-null 

mouse suggesting that their ability to undergo indefinite 

expansion is reduced compared with haematopoietic pro-

genitors derived from pluripotent cells.  This implies that 

the OCT4-CD45 cells may be a safer alternative in view 

of the tendency of pluripotent derived haematopoietic 

cells to undergo leukemic transformation.  Erythropoi-

esis from the OCT4-CD45 cells provided an interesting 

contrast to pluripotent stem cells in that treatment with 

erythropoietin (a growth factor that induces- erythro-

poiesis in vitro and in vivo) resulted in the production of 

CD71 expressing erythroblasts expressing  glycophorin A 

and the adult β-globin protein.  Despite this, the OCT4-

CD45 cells were only able to complete the differentia-

tion of the megakaryocyte-platelet lineage, and erythro-

cytes were not detected.  Moreover, lymphopoiesis was 

not observed despite expression of CD34 in 25% of the 

OCT4-CD45 cells, which indicated the possible presence 

of more primitive haematopoietic progenitor cells that 

were capable of multilineage  differentiation.  Apart from 

the expression of CD45 following OCT4 transfection, the 

development of the subsequent haematopoietic cell types 

seemed to depend on the presence of haematopoiesis 

promoting cytokines. Therefore, it is possible  that the 

cell types detected in this study arose from a haematopoi-

etic progenitor or more committed blood cell type pres-

ent in the dermal fibroblast samples. 

HEPATOCYTES

In a similar approach to the screen for inducers of neu-

rogenesis, combinations of the transcription factors Hnf4α, 

Foxa1, Foxa2 and Foxa3 were shown to convert mouse em-

bryonic stem cells and adult fibroblasts into hepatocytes. 

Two weeks after transfection with individual pools of two 

factors, the cells were replated onto collagen. Three weeks 

after the replating step, clusters of cells with an epithelial 

morphology and normal karyotype appeared and could be 

maintained in culture for several passages (referred to as 

iHep cells) (14).  These did not express markers typical of 

fibroblasts, but they were strongly positive for E-cadherin, 

albumin and the canalicular membrane protein multidrug 

resistance protein, Mrp2,; all of which are typical of hepa-

tocytes. iHep cells had a similar transcriptomic profile to 

ex vivo-derived hepatocytes and showed several functional 

similarities such as production of urea, synthesis of trig-

lycerides and cytochrome P450 activity.  In contrast to the 

haematopoietic data generated by Bhatia’s group, iHep cells 

had a greater similarity to terminally differentiated hepato-
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cytes because there was little evidence of more primitive 

endodermal progenitors (such as pancreatic or intestinal 

cells) after transfection with any of the transcription factor 

combinations. There was also little convincing evidence of 

bi-potent hepatic progenitor cells (cholangiocytes) due to  

lack of cytokeratin 7 expression.  Regardless, iHep cells ap-

peared to function in vivo.  Hepatocytes isolated from the 

adult mouse liver are able to reconstitute the hepatic tis-

sues of mice deficient for the enzyme fumaryl acetoacetate 

hydrolase (FAH), which are used to model liver injury (15).  

One month after intrasplenic injection of iHep cells into 

FAH-/- mice, FAH-expressing hepatocytes had engrafted 

and reconstituted the hepatic tissues resulting in rescue 

from liver failure.  Conversely, all the FAH-/- mice trans-

planted with the untransfected fibroblasts (i.e., non-iHep 

cells) died within 27 days.

As with the other examples of direct conversion 

described in this review, there is still the possibility 

that iHep cells could have been derived from endoder-

mal progenitor cells present in the fibroblast popula-

tion used for transfection.  This was particularly true 

for the earliest experiments of this research group, as 

they made use of MEFs  obtained by dissection of E12.5 

mouse embryos.  Because it is not easy to completely 

remove the embryonic liver and other components of 

the digestive system from such embryos, it is thus pos-

sible that endodermal progenitor cells were present in 

the MEF culture; however, iHep cells were also obtained 

from adult mouse dermal fibroblasts. As mesenchymal 

stem cells (MSCs) have been shown to transdifferentiate 

into hepatocyte-like cells (16), another consideration is 

the possible presence of MSCs in the fibroblast cultures.  

However, against this possibility are the observations 

that iHep cells arise with similar frequency from both 

enriched MSCs and fibroblast cultures.

MECHANISMS OF DIRECT
CONVERSION FROM FIBROBLASTS

From the limited examples of direct conversion in 

the scientific literature, it is difficult to hypothesise 

about possible mechanisms that may reprogram one cell 

type into another.  Two of the above examples involve 

transfection of at least one transcription factor associat-

ed with the pluripotent state, and although the authors 

of these publications have gone to considerable lengths 

to rule out the reprogramming of the fibroblast genome 

back to a pluripotent state followed by re-differentiation 

to the target cell type, it is still possible that pluripo-

tency transcription factor may contribute to direct con-

version.  The capacity of Oct4 for epigenetic reprogram-

ming has been well documented, and iPSCs have been 

generated from neural stem cells (NSCs) from the adult 

subventricular zone by transfection of Oct4 alone (17, 

18), implying that the Oct4 gene product is able to se-

lect some (or perhaps all) of its binding  sites within the 

NSC genome.  In addition, iPSCs can be generated by 

a combination of Oct4 transfection and treatment with 

small molecules that inhibit certain chromatin-modify-

ing enzymes (19). In view of these data, Oct4 could be 

a master regulatory gene of the pluripotent phenotype, 

but it requires other gene products to induce true pluri-

potency. SinceAs zygotic deletion of Oct4 causes mouse 

epiblast cells to undergo extensive chromatin compac-

tion, it is possible that one of the functions of Oct4 is 

maintenance of an “open” chromatin conformation (20).  

This implies (and other groups have speculated) that 

Oct4 may perform this task by ensuring that the epige-

netic modifications associated with chromatin compac-

tion are not imposed upon the pluripotent genome.  The 

converse of this argument may also be that it ensures the 

removal of such modifications from a somatic genome 

and imposes a much greater degree of differentiation 

plasticity upon the cell.  This is not the same pluripo-

tency as we find in ESCs, but it may allow more access 

to transcription factors that favour differentiation down 

several lineages and expression of a wider range of tran-

scription factors associated with varied cell identities.  

The conditions under which we grow Oct4-expressing 

cells may then favour the survival of some somatic cell 

types over others, or they may induce signal transduc-

tion mechanisms that instruct lineage-specific differen-

tiation.  Both of these possibilities have been invoked 

to explain the direct conversion of fibroblasts to car-

diomyocytes and haematopoietic cells, indicated in the 

publications described earlier.

It is more difficult to explain why ectopic expression 

of Hnf4α with one of more of the Foxa genes is sufficient 

to convert fibroblasts into iHep cells; however, potential 

clues may lie in a possible chromatin-modifying function 

of the Foxa gene family.  Mammals have three seemingly 

unlinked FoxA genes (FoxA1, FoxA2, and FoxA3), of which 

FoxA2 has functions closely linked to endoderm develop-

ment  (21, 22).  Ectopic expression of FoxA2 promotes 

endoderm development in ESCs (23), and it has also been 

shown that FoxA genes, as part of the more general class 

of Fox or forkhead box genes, function in diverse devel-

opmental and signal transduction mechanisms (24).  A 

major aspect of this function seems to be maintenance 

of an open chromatin conformation that is reminiscent 

of the similar, albeit probably more extensive, function of 

Oct4.  The purpose of this appears to be pre-conditioning 

of the genomes of endoderm progenitor cells to activate 

liver, pancreas or other tissue-specific genes, and for this 

reason, FoxA genes have been termed “pioneer” factors.  

In view of this, it is possible that ectopic expression of 

one or more of the FoxA genes needed to induce iHep cell 

formation may be the determinant of epigenetic repro-

gramming of the fibroblast genome.

Another possibility is that fibroblasts have an in-

herent plasticity that allows them to differentiate more 

readily. Although not extensive, there is evidence in the 

literature suggesting that human dermal fibroblasts can 
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differentiate into cells representative of all three em-

bryonic germ layers when cultured under appropriate 

conditions (25).  The cell types reported in this recent 

publication include neuronal (indicated by nestin and 

β-III-tubulin expression), immature myoblast-like cells 

(Myf5 and Desmin expression) and possible insulin-syn-

thesising cells that are indicative of endoderm. There are 

additional data indicating that fibroblasts are capable of 

multi-lineage differentiation, and we cannot formally 

rule out the presence of progenitor or tissue-specific 

stem cells in the fibroblast culture. However, this appar-

ent plasticity is worth bearing in mind for future studies 

of direct conversion. 

CONCLUDING REMARKS

Induced pluripotent stem cells are relatively easy to 

generate and expand in culture, but we have to be certain 

they can produce safe, clinically useful and economically 

viable cell products before they can have a major impact 

on regenerative medicine.  Therefore, it is possible that 

direct conversion methods may have advantages in terms 

of the possibilities of generating cells that have greater 

similarity to those found in the adult body.  There are 

enormous hurdles to overcome: the phenomenon is re-

stricted to a small set of very recent observation, and 

there are no guarantees that this concept will be uni-

versally applicable to all clinically desirable cell types.  

Furthermore, we have no data concerning the muta-

tional load present in directly converted cells.  If these 

are derived from tissues of older individuals, they could 

have accumulated significant levels of damaged DNA in 

both the nuclear and mitochondrial genomes. They may 

have shorter telomeres, and as some publications sug-

gest, epigenetic changes may accumulate as a function 

of organismal age (26 – 29). Although iPSCs may be able 

to reset damage such as telomere lengths, we cannot be 

certain that direct conversion will do this .  
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