
www.landesbioscience.com Cell Adhesion & Migration 141

The RE1 Silencing Transcription Factor (REST) is a master 
regulator of neuronal and glial fate specification that acts at 
multiple levels of stem cell differentiation, through the engage-
ments of a plethora of cofactors and histone modifying proteins. 
Buckley and colleagues now show that low levels of REST are 
required even after the transition from embryonic stem cells to 
more committed neural progenitors, as well as neurogenesis. 
Generations of nestin-positive, followed by βIII-tubulin-positive as 
well as MAP2-positive phenotype are impeded by REST ablation, 
and REST-depleted neural stem cells are defective in adherence, 
migration and survival. These defects can be rescued by exogenous 
laminin. The findings shed new light on a previously underem-
phasized aspect of REST function, namely extracellular matrix 
regulation during neural differentiation. 

Introduction

Establishment and maintenance of the neuronal phenotype entail 
selective expression of neuron-specific genes, which transcription are 
normally repressed in non-neuronal cells. The Repressor Element 
1(RE1) found in the promoter of a myriad of neuronal genes is 
a key cis-regulatory element for such a repression. RE1 binds the 
zinc-finger transcription repressor RE1 Silencing Transcription 
factor (REST)1 (also known as Neuron-Restrictive Silencer Factor 
(NRSF).2 REST expression is high in blastocysts and embryonic 
stem (ES) cells, but diminishes with the onset of neural differentia-
tion. Downregulation of REST appears to be an essential for neural 
differentiation. However, it is now clear that REST is not simply 
a transcriptional repressor. By engaging a multitude of cofactors 
and histone modifying enzymes, REST regulates the expression of 
a large network of neuronal genes through epigenetic suppression 
as well as activation of transcription.4 A recent study had revealed 
both canonical and non-canonical RE1 sites at over 2,000 genomic 
loci, with REST recruitment to a developmentally-independent 
set of genes found in cells at all stages of neural development, as 
well as an ES cell-specific subset of target genes.5 Transcriptional  

dysregulation associated with REST has been shown to be involved 
in the pathology of neurodegenerative and neurological diseases,6 as 
well as malignancies.7 

A sustained low level of REST is important for neural differen-
tiation and neurogenesis. Analysis of REST function and the effects 
of REST depletion during neural development in vivo are under-
standably difficult in view of the fact that Rest -/- mice die at around 
E11.5. Buckley and co-workers had developed in vitro models of ES 
cell differentiation in which a combination of targeted deletion and 
small hairpin (sh) RNA-mediated silencing allowed the authors to 
generate ES cell lines with REST transcript levels at an equivalent 
(REST-100), 50% (REST-KD/50), or 1% of wild type levels.8 The 
last of which, with undetectable levels of REST protein, are func-
tionally designated as REST-null cells. These ES lines were then 
differentiated in culture and monitored at stages which the authors 
roughly defined as neural stem cells (NSCs, days 2–8, expressing the 
markers Sox1 and nestin), neural progenitor cells (NPCs, days 8–12, 
expressing the markers Ngn1 and Mash1) and neurons (days 10–18, 
expressing βIII-tubulin, Tau, MAP2 and other neuronal markers). 
While ablation of 50% REST had no discernible effect on ES cell 
neural differentiation, ablation of REST expression to 1% of wild 
type levels appeared to impede the development of NSCs, NPCs 
and neurons. At the earlier times, a lack of nestin-positive cells was 
noticeable. At later time points, it was clear that neurogenesis, as 
indicated by neuronal marker expression, was also affected. 

These results, though not exactly surprising, reinforces a more 
contemporary notion that the role of REST in neural differentiation 
is complex, and that it does not work like a simple on-off repressor 
switch. In fact, the neuronal marker genes that are known to be 
repressed by REST did not become precociously expressed in REST-
ablated cells as one might expect. The data instead suggest that a 
sustained low level of REST is essential for neural differentiation 
and neurogenesis. To rule out off-target effects of their sh-RNA, the 
authors attempted to rescue the phenotypes with overexpression of 
REST. It turns out that REST expressed at 8% of wild type levels  
(in a REST-null + REST line) largely reversed the differentiation 
phenotype exhibited by the REST-null cells. 

The authors’ observation that ES cells with only 50% wild type 
REST levels behaves like wild type ES cells is, however, in contrast 
to finding presented in another recent report. Singh et al. showed 
that heterozygous Rest deletion or Rest silencing impairs ES cells’ 
pluripotency and capacity for self-renewal.9 This phenotype was not 
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some of these may also be important in NSC differentiation and 
neurogensis. In any case, understanding how REST regulate laminin 
expression in stem cell niches, and how these would affect cell adhe-
sion and migration, would appear to be an important aspect of 
any attempt to promote endogenous neurogenesis for therapeutic 
purposes. 
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observed by the authors, who also noted insignificant changes to the 
levels of the stemness genes Nanog and Oct4 in their ES cells with 
50% wild type REST levels. Reasons for the discrepancy in observa-
tions between the two groups are unclear. However, as Rest +/- ES 
cells could be used to generate mice with germ-line transmission of 
the genotype, heterozygocity for Rest could not have affected in vivo 
development. 

REST regulation of ECM laminin expression may underlie the 
neural differentiation phenotypes. Another important finding of 
the paper pertains to how neural differentiation and neurogenesis 
was impeded by loss of REST. The authors observed that REST-
null cells are defective in adhesion and migration, phenotypes that 
became particularly pronounce on glass surfaces, and which are at 
least partially rescued by the expression of REST at 8% of wild type 
levels. Reasoning that dysregulation of extracellular matrix (ECM) 
components or cell adhesion molecules may underlie the loss of 
cell adhesion and migration observed, the authors plated their cells 
on precoated ECM components and check for possible reversal of 
phenotype. Interestingly, the ECM component laminin not only 
enhanced cell adhesion and survival, but significantly reversed the 
neural differentiation and neurogenesis phenotype of REST-null 
cells. This activity of laminin is not down to augmentation of cell 
adhesion alone, as fibronectin is far less effective in this regard, while 
poly-D-lysine had no enhancement effect at all. The authors exam-
ined the expression pattern of some laminin subunits, and noted 
that these are generally highly expressed in ES cells. Their expression 
levels drop during NSC differentiation, but gradually increase again 
during neurogenesis. REST-null cells have significant lower levels of 
these laminin subunits throughout neurogenesis, and expression is 
partially restored by increasing REST levels to 8% of wild type levels 
in the REST-null + REST cells.  As genes encoding laminin αsubunits 
are direct REST targets,11 it appears that severe REST depletion 
could impair neural differentiation and neurogenesis, owing at least 
partially from a loss of laminin secretion from the cells.

The above findings brought to light a particular aspect of REST 
activity that is worth noting, even in an arguably limited in vitro 
experimental paradigm. Although REST levels are roughly inversely 
related to that of laminin during neural differentiation of ES cells, a 
total loss of REST appears to significantly reduce laminin subunits 
expressions during neurogenesis. A low but sustained level of REST 
throughout neural differentiation is therefore important in this 
regard. It would be of interest to understand how low levels of 
REST function in sustaining the transcription of genes like laminin 
subunits, which it represses at wild type levels. It may be somewhat 
unexpected that of the myriad of genes that are potentially affected 
by a severe depletion of REST, that a single ECM component would 
be critical for differentiation of nestin-positive NSCs and subse-
quent neurogenesis. Laminins have multiple known roles in neural 
stem cell niches and is required for proliferation, differentiation and 
survival of NSCs and neurons.12,13 Like many other ECM compo-
nents, laminin engages cell surface integrins in outside-in signaling 
processes that regulate growth and survival of multiple cell types in 
different tissues. In stem cell niches in vivo, laminin could be secreted 
by multiple cell types, and regulate NSC differentiation in both an 
autocrine or paracrine manner.

It should be noted that REST regulates the expression of a good 
number of cell surface molecules with adhesion and migratory  
functions.5,10–12 It would therefore be of interest to examine if 
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