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The generation of induced pluripotent stem cells (iPSCs) 
is a promising and exciting tool for regenerative medicine. 
Since their first appearance in 2006 by Yamanaka et al, 
where adult mouse fibroblasts were reprogrammed using 
a cocktail of only four master transcription factors (TFs), 
Oct4, Sox2, Klf4, and c-Myc reprogramming factors (1), 
iPSCs have served as valuable tools in studying disease. 
Indeed, even years after this groundbreaking discovery, 
cellular identity conversion of somatic cells through 
exogenous introduction of TFs towards iPSCs remains one 
of the most powerful tools (2) for disease modelling, drug 
screening, tissue engineering and transplantation therapies. 
Nevertheless, despite recent advances, the induction 
efficiency of these cells and subsequent differentiation to 
the desired cell types is, very low (3) and has a lengthy 
reprogramming process with substantial limitations 
to create and maintain functional cells. In a combined 
effort, laboratories led by Keisuke Kaji investigated a new 
approach of improving the efficiency of iPSCs generation 
by the reprogramming factors through the expression of 
constitutively active SMAD2/3 (4). 

Several cell conversion approaches (5) mediated by TFs 
have been reported to improve cell reprogramming, such 
as the addition of small molecules (6) involved in epigenetic 
or signalling pathways, which can even replace one or more 
reprogramming factors, including Sox2 or c-Myc (7). Since 
transforming growth factor β (TGF-β) signalling counteracts 
the mesenchymal to epithelial transition (MET) (8),  
a crucial event for iPSCs generation from fibroblasts (9), 
transforming growth factor β receptor (TGF-βR) inhibitors 

have, thus, been shown to enhance the reprogramming 
process. The TGF-β signalling pathway is involved in a 
large number of cellular processes and includes the SMAD 
proteins, which, after activation by receptors, translocate 
into the nucleus to act as TFs and regulate transcription (10).  
SMAD2/3 also interact with other TFs as well as 
transcriptional coactivators, nucleosome modifiers (11) and 
chromatin remodelers (12). 

In the study by Kaji et al. treatment with TGF-
βR inhibitors reduced apoptosis in the early stages of 
reprogramming by suppressing reprogramming-dependent 
p19ARF upregulation, a p53-dependent cell cycle arrest and 
senescence inducer. In particular, to investigate how TGF-
βR inhibitors may enhance reprogramming, the researchers 
supplemented the reprogramming media with A83-01 (A83) 
which is an inhibitor of the TGF-β-induced epithelial-
to-mesenchymal transition (EMT). This led to a 3-fold 
increase in reprogramming efficiency with more Nanog-
positive colonies in the presence of A83. Other than the 
reduction in apoptosis at the early stages of reprogramming, 
their analysis also revealed that reprogramming was strongly 
accelerated after addition of A83 treatment, including late 
reprogramming intermediates. This part of the investigation 
established that TGF-β inhibition can positively influence 
colony formation even post-MET. 

Continuing their investigation, when they prolonged the 
inhibitory treatment, SMAD2/3 showed increased levels 
in cultured cells. This led to the researchers assessing the 
effect of a constitutively active SMAD2/3 (Smad2/3CA) on 
the reprogramming process and subsequently identifying a 
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clear enhancement in reprogramming speed and efficiency. 
Taking a closer look at these observations, it was revealed 
that the majority of the generated Nanog-positive cells are 
also positive for phosphorylated SMAD3 (p-SMAD3+), 
the active form of SMAD3, and TGF-βR inhibitor 
treatment increased its occurrence in the cells. The 
follow up question was therefore “do constitutively active 
forms of SMAD2 (SMAD2CA) or SMAD3 (SMAD3CA) 
improve reprogramming?” Interestingly, overexpression 
of Smad2CA and/or Smad3CA led to increased numbers 
of Nanog-positive colonies. Alternatively, Smad2/3 double 
knockout (KO) in the presence or absence of A83 did not 
have any apparent effects on reprogramming. This signified 
that reprogramming enhancement by A83 was in general 
not dependent on endogenous SMAD2/3 but largely 
on increased exogenous SMAD2/3 levels. Global gene 
expression profiling, in particular, revealed that even though 
SMAD3CA-positive cells were not significantly different 
to embryonic stem cells (ESCs), they demonstrated higher 
expression of genes linked to pluripotency. This indicated 
that SMAD3CA followed the same general gene expression 
pattern as the one brought about by the reprogramming 
factors, but in an enhanced and accelerated fashion. 

Further research by the groups also revealed that, 
during reprogramming to iPSCs, overexpressed SMAD3 
was involved in a physical interaction with reprogramming 
factors and co-occupied OCT4 binding sites within the 
genome, possibly facilitating recruitment of transcriptional 
activators and chromatin remodelers, and, thus, enhancing 
conversion. More specifically, they showed that SMAD3 
acts as a bridge between reprogramming factors, such as 
OCT4, and co-activators. During reprogramming, they 
observed that binding sites for Oct4 were occupied in 
parallel with SMAD3; however, no binding was detected in 
the absence of Yamanaka factors expression. Interestingly, 
SMAD3CA, known to interact with histone modifiers, may 
contribute to chromatin remodelling and histone changes 
during reprogramming, assisting, thus, in easier cell 
conversion to iPSCs.

Furthermore, active SMAD3 was shown to enhance 
cell conversions mediated by more master-TFs. More 
specifically, since SMAD3 is reported to interact with many 
different cell specific master TFs (13), the researchers 
looked to identify whether SMAD2/3CA could improve 
more TF-mediated cell conversions. For example, when 
B cells were converted to macrophages by overexpressing 
Cebpα (14), 75% of Smad2/3CA expressing cells expressed 
the macrophage marker MAC-1 on day 4 after conversion, 

compared to less than 30% of cells converted with 
only Cebpα. These results showed that SMAD2/3CA 
significantly boosted B cell to macrophage conversion 
mediated by CEBPα, possibly by facilitating its recruitment 
to corresponding CEBPα targets (15). Next, myoblasts 
were converted to adipocytes using Cebpβ and Prdm16. 
Co-expression with Smad2CA or Smad3CA increased 
cell conversion efficiency. Similarly, human fibroblasts 
were converted to neurons with Ascl1, Brn2a, MytIl, and 
NeuroD1. They observed that SMAD3CA expression sped 
up alterations in gene expression universally, in a similar 
fashion to that of iPSCs production.

Starting with an investigation of TGF-βR inhibitors and 
how they may enhance reprogramming efficiency, this study, 
identified that exogenous, constitutive active SMAD2/3 
is an important factor in successful cell conversion. This 
observation was made not only in iPSCs generation but also 
in other TF-mediated cell fate changes suggesting a crucial 
role of these factors in regenerative medicine, where swift 
and efficient generation of functional mature cells is a great 
necessity. These findings by Kaji et al. can, thus, provide 
us with another powerful tool to overcome cell conversion 
challenges and help us bypass the barriers in the road 
towards more efficient cell reprogramming.
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