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Conversion of one cell type to another by reprogramming 
offers valuable opportunities for disease modeling and 
regenerative medicine. In a much-anticipated scenario, 
tissues generated from reprogrammed cells will be used to 
replace degenerated or lost tissues in patients suffering from 
injury or diseases such as Alzheimer’s, which causes loss of 
functional nerve cells (neurons) in the brain. Converting 
the fate of, for instance, a skin cell to a neuron requires 
the activity of specific transcription factors (TFs). It has 
previously been demonstrated by the Wernig lab at Stanford 
University that forced expression of the TFs Brn2, Ascl1, 
and Myt1l (abbreviated as BAM) in mouse embryonic 
fibroblasts (MEFs) induces direct reprogramming of MEFs 
to neurons in a process termed also as transdifferentiation (1).  
Subsequent studies revealed other TF combinations able 
to induce direct reprogramming of different source cells to 
specific types of neurons (2,3). 

Recently, a study by Tsunemoto and colleagues identified 
pairs of basic helix-loop-helix (bHLH) and Pit-Oct-Unc 
(POU) TFs that promote reprogramming of MEFs to 
neurons (4). By viral delivery of cDNAs encoding for the 
respective TFs, they induced their expression and assessed 
MEF-to-neuron conversion (4). In contrast, Liu and 
colleagues of the Qi group at Stanford University performed 
a different strategy to activate expression of TFs and screen 
for combinations of TFs and DNA-binding factors, which 
can induce the neuronal fate during differentiation and 
direct reprogramming (5). They applied CRISPR-activation 
(CRISPRa), which is a modified version of the CRISPR/
Cas9 gene-editing technique and is based on a cleavage 

domain-deactivated version of the Cas9-protein fused to a 
transcription activation domain as described previously (6).  
Such CRISPRa-based induction of endogenous TF 
expression has been demonstrated previously to sufficiently 
induce expression of the BAM-TFs, resulting in direct 
reprogramming of MEFs to neurons (7).

Liu et al. applied the CRISPRa strategy in mouse 
embryonic stem cells (ESCs) and MEFs to systematically 
screen for TFs and other DNA-binding proteins that 
are able to induce differentiation of ESCs to neurons 
and to directly reprogram MEFs to neuronal cells. The 
authors first generated a stable mouse ESC line to express 
CRISPRa components, including a labelled version of the 
neuron-specific tubulin gene Tubb3 (encoded TUJ1) to 
generate a visible marker, thereby facilitating the isolation 
of successfully induced neurons. Next, they created a 
library containing approximately 55K sgRNAs targeting 
CRISPRa to 2,428 genes encoding for in silico predicted 
TFs and DNA binding proteins. Successfully generated 
neurons via ESC differentiation were isolated by cell 
sorting, and next generation sequencing was performed to 
examine which sgRNAs were most efficient in generating 
neurons. Electrophysiology and transcriptome analysis 
assessed to which degree the newly generated neurons 
resemble functional in vivo counterparts. Among the 
identified 74 targets, several TFs were already known to 
drive differentiation and reprogramming to neurons. Yet, 
a number of identified factors, such as Ezh2 (Enhancer of 
zeste 2), were till then not described to promote neuronal 
differentiation. Furthermore, the CRISPRa system allowed 
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the assessment of genetic interactions by using two sgRNAs 
for each target gene, which revealed that the factors Ngn1, 
Zeb1, Tcf15, Foxo1, Ezh2, Brn2 have mutually positive 
effects on neuronal differentiation. 

Following the CRISPRa-based identification of TFs and 
DNA-binding proteins that promote neuronal differentiation, 
the authors tested whether these factors can also induce 
direct reprogramming to neuronal cells (Figure 1). By  
viral delivery of DNA constructs to over-express candidate 
factors in MEFs they assessed MEF-to-neuron direct 
reprogramming efficiencies. The discovery that over-
expression of the Polycomb-Group (PcG) protein-

encoding gene Ezh2, in combination with different factors, 
increased direct reprogramming efficiency, is probably 
the most interesting finding in this published study. Also, 
Ezh2 enabled MEF-to-neuron conversion by factors, 
that alone are not sufficient to induce reprogramming. 
For instance, Brn2, also known as Pou3f2 (POU domain 
class 3 transcription factor 2) and Mecom (MDS1 and 
EVI1 complex locus), cannot induce neuronal direct 
reprogramming when over-expressed. But in combination 
with Ezh2, fibroblasts could directly be reprogrammed 
to neurons. Furthermore, Ezh2 co-expression with the 
bHLH factor Ngn1 (Neurogenin 1), resulted in direct 
reprogramming with increased efficiency, boosting the 
generation of neurons from around 5% (Ngn1 alone) to 
approximately 50% (Ngn1 + Ezh2). Unlike most other 
factors identified in this study, Ezh2 is a repressive factor as 
it is the core subunit of the polycomb repressive complex 
2 (PRC2). PRC2 establishes repressive chromatin by 
mediating methylation of the lysine (K) residue 27 of 
Histone H3 (H3K27) through the methyltransferase activity 
of Ezh2 (8). Notably, during ESC to neuron differentiation, 
Suz12 (suppressor of zeste 12) was also identified—another 
PRC2 subunit, indicating that PRC2 can have neuron 
fate-promoting activity. Based on their transcriptome 
analysis, the authors suggest that Ezh2 might promote the 
generation of neurons by repressing expression of genes that 
would otherwise guide cells towards alternative endodermal 
or mesodermal lineages. Interestingly, the requirement of 
PRC2 during reprogramming had been made previously 
by Onder and colleagues during the reprogramming 
of human fibroblasts to induced pluripotent stem cells  
(iPSCs) (9).  Depletion of Ezh2 or Suz12 by RNA 
interference significantly reduced reprogramming of 
fibroblasts to iPSCs, suggesting that PRC2 is required for 
cell fate switches. Nevertheless, it remains to be determined 
whether such ex vivo findings prove true in living 
organisms, as findings in the nematode Caenorhabditis elegans 
(C. elegans) revealed that PRC2 inhibits reprogramming of 
germ cells into neurons in vivo (10,11) (Figure 1). 

It will be important in the future to reveal the exact 
mechanism of how PRC2 is selecting genes to repress 
during neuronal reprogramming. PRC2 lacks DNA-binding 
domains such as bHLH, POU or Hox domains, which 
recognize consensus DNA-binding sites in the genome. In 
Drosophila, PRC2 is recruited to genomic sites by binding 
to polycomb response elements (PREs) (12). However, 
the recruitment of PRC2 to specific genes in vertebrate 
genomes is still not well understood and non-coding RNAs 

Figure 1 Identification of TFs and DNA-binding regulators 
that promote generation of neurons by differentiation and direct 
reprogramming. A total of 2,428 genes encoding for TFs and 
DNA-binding proteins were targeted using 55,561 sgRNAs to 
target dCas9 fused to a transcription-activator domain (CRISPRa 
system) as described previously in (6). Candidate factors identified 
by CRISPRa-screening to promote neuronal differentiation of 
ESCs were subsequently tested in MEFs for direct reprogramming. 
TF over-expression constructs were delivered using lentiviruses 
into MEFs and direct reprogramming to neurons was assessed. 
The PRC2-subunit Ezh2 was identified to promote neuronal 
differentiation and direct MEF-to-neuron reprogramming in 
combination with TFs such as Ngn1, or Brn2 and Mecom. TUJ1 
is a neuron-specific tubulin encoded by the Tubb3 gene. For more 
details see main text. TFs, transcription factors; ESCs, embryonic 
stem cells; CRISPRa, CRISPR-activation; MEFs, mouse 
embryonic fibroblasts.
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might play a role (13). Further investigation of PRC2 
in various biological differentiation and reprogramming 
systems, primarily in vivo, could reveal context-dependent 
modes of PRC2-mediated gene repression for promoting 
either reprogramming or safeguarding cell fates. 

Overall, the authors introduced a powerful and versatile 
strategy by using CRISPRa to identify factors which 
facilitate the generation of neurons through differentiation 
and direct reprogramming. It is conceivable that such 
unbiased approaches to assess the implication of TFs 
and other DNA-binding factors in differentiation and 
reprogramming will provide alternative routes to generate 
specific cell types for tissue engineering, which may help 
future regenerative medicine applications. 
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