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The possibility to generate neurons 
from fibroblasts became a reality with 
the development of iPS technology 
a few years ago. By reprogramming 
somatic cells using transcription factor 
(TF) overexpression, it is possible to 
generate pluripotent stem cells that then 
can be differentiated into any somatic 
cell type including various subtypes of 
neurons. This raises the possibility of 
using donor-matched or even patient-
specific cells for cell therapy of neuro-
logical disorders such as Parkinson’s 
disease (PD), Huntington’s disease and 
stroke. Supporting this idea, dopamine 
neurons, which are the cells dying in 
PD, derived from human iPS cells have 
been demonstrated to survive transplan-
tation and reverse motor symptoms in 
animal models of PD [1]. However, a 
major problem with the use of pluri-
potent cells as starting material for cell 
replacement therapy is their incomplete 
differentiation and their propensity to 
form tumors following transplantation 
[2]. In a recent issue of Nature, Caiazzo 
et al. describe an alternative way to 
reprogram fibroblasts into dopaminer-
gic neurons, without going through a 
pluripotent stage [3].

Caiazzo et al. overexpressed three 
transcription factors, Mash1, Nurr1 
and Lmx1a, in fibroblasts and found 

efficient and rapid conversion into 
dopaminergic neurons and show that 
conversion takes place without going 
through a pluripotent or even a progeni-
tor cell stage. The induced dopamine 
neurons displayed several hallmarks of 
functional dopamine neurons in vitro, 
including morphology, marker gene 
expression, electrophysiological and 
biochemical properties. Importantly, 
their strategy appeared to be successful 
in fibroblasts from both mouse and hu-
man donors including cells from aged 
individuals suffering from Parkinson’s 
disease. 

The study from Caiazzo et al. is a re-
cent addition to a series of publications 
that demonstrate that direct conversion 
of fibroblasts into neurons is feasible 
[3-6]. In a seminal publication by Vier-
buchen et al., three transcription factors 
were also used, in this case Mash1, Brn2, 
Myt1l, to reprogram mouse fibroblasts 
into excitatory functional neurons [6]. 
In a follow up study they then found that 
the same three factors, with the addition 
of NeuroD1, were able to generate func-
tional neurons from human fibroblasts 
[4]. In a recent paper we have used five 
factors (Mash1, Brn2, Myt1l, Lmx1a, 
FoxA2) to generate dopamine neurons 
from human fibroblasts [5]. Thus tran-
scription factor mediated conversion of 
fibroblasts to neurons appears to be a 
solid phenomenon that is reproducible 
among several labs. When looked upon 
together, these studies firmly establish 
induced neuronal (iN) cells as a way 

to generate subtype specific neurons 
from individuals, thereby allowing for 
disease modeling, drug screens and as 
a promising candidate approach for cell 
therapy of neurological disorders.

The initial iN reports clearly dem-
onstrate that cells with functional 
characteristics of neurons are formed 
[4-6], but it has up until now remained 
unclear to what extent the cells are truly 
reprogrammed into bona fide neurons. 
The paper by Caiazzo et al. provides the 
first insight on the extent of reprogram-
ming in iN cells by performing global 
mRNA-array analysis on the converted 
cells [3]. They find that while certain 
dopamine-related genes are induced 
and some fibroblasts genes are lost, 
there are still major transcriptional dis-
crepancies between induced dopamine 
neurons and the native counterparts. 
The functional consequences of this 
discrepancy remain unclear, but may 
affect neuronal properties as well as cell 
viability and function. In future studies 
it will be important to assess the degree 
of reprogramming also in the context 
of epigenomic and proteomic studies 
as data from the iPS field suggest that 
incomplete reprogramming has major 
impact on the properties of the cells [7]. 
Functionality and long-term survival of 
dopaminergic iN cells produced by dif-
ferent transcription factor cocktails are 
still to be shown and is best analyzed in 
transplantation experiments. It is prom-
ising that Caiazzo et al. provide the first 
evidence that converted mouse neurons 
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can survive transplantation into neonatal 
brain [3]. It will be interesting to know 
if human iN cells survive transplanta-
tion into a parkinsonian brain and if the 
grafted cells can revert motor symptoms 
in animal models of PD.

Still, the mechanisms that drive 
conversion of fibroblasts into neurons 
remain unexplored and it is unclear if 
the optimal combinations of TFs have 
been used so far. Although the above-
mentioned studies use different com-
binations of genes all of them in part 
rely on Mash1 [3-6]. Overexpression 
of Mash1 alone in fibroblasts appears to 
initiate a limited transformation towards 
immature neuronal cells and the addi-
tional factors are then needed to govern 
maturation and subtype specification 
[6]. Mash1 is one of several proneural 
basic helix-loop-helix transcription 
factors that functions in specifying 
neuronal identity. Interestingly, Mash1 
is expressed in spatially restricted do-
mains in the developing brain while 
other proneural genes, such as Ngn2, fill 
the same function in areas where Mash1 
is not expressed [8]. Mash1 is primarily 
endogenously expressed in progenitors 
that become inhibitory neurons, yet iN 
cells generated via forced expression 
of Mash1 in combination with other 
factors include both excitatory subtype 
and dopamine neurons. It will be inter-
esting to investigate the ability of other 
proneural genes to drive iN conversion 
and if a more appropriate choice of TFs 
will lead to a more extensive reprogram-
ming. Given that Caiazzo et al. and our 
recent paper [3, 5] show that iN cells are 
flexible in terms of what neuronal sub-
type is generated, it appears likely that 
multiple kinds of neuronal subtypes can 
be generated via direct conversion if the 
appropriate TFs are identified. Control 
of neuronal subtype specification will 
in turn allow for possible treatment of 

a wider range of CNS disorders.
One advantage of direct conversion 

is that the iN cells do not divide once 
formed, meaning that the resulting cell 
population is likely to be a safer, non-
tumorgenic population of cells to graft. 
At the same time, lack of cell division 
can be a drawback since a relatively 
large starting population is required to 
obtain a workable number of neurons. 
It also means that integrating delivery 
systems, such as the lentiviral vectors 
used in the above mentioned studies, 
are poorly suited since the chance of 
a transforming integration event will 
be high. This has recently been solved 
in the iPS field by using non-stable 
genetic delivery, small molecules or 
direct delivery of mRNA [9]. As iN 
cells do not divide after reprogramming 
it is not clear if these approaches can be 
directly transferred or if the delivery 
techniques must be tailor-made. Still, 
it is probably safe to say that within a 
few years a suitable technical approach 
that is compatible with clinical use have 
been developed.

In summary, the work by Caiazzo et 
al. is an additional report that points in 
the direction that induced neurons are 
a strong candidate to be a widely used 
tool in the future. Although much work 
remains before clinical translation is a 
reality, it certainly has opened up new 
avenues that will potentially allow 
patient-specific cell therapy. Exactly 
which reprogrammed cell type that will 
be best to use, being iPS, iN or a cell 
type yet to be identified remain to be 
decided, but it will certainly be inter-
esting to follow their development into 
treatment strategies that appeared to be 
science fiction just a few years ago.
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