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Abstract. Transcription factors play very important role in cell fate determination. There are many cell speciﬁc transcription factors
which when expressed ectopically may lead to cell fate conversion or transdifferentiation. Many of these transcription factors function
differently based on their levels and stoichiometry. Many different types of differentiated cells have been generated from other differentiated
cell types by expressing different levels and stoichiometry of reprogramming factors. Many methodologies have been developed for
efﬁcient cell fate conversion by regulating the levels and stoichiometry of transcription factors in a particular cocktail that have therapeutic
values. An approach called phenotypic activation which involves overexpression of putative transcription factors has been developed as a
tool to discover new transcription factors and their targets. Transcription factor overexpression may also have toxic effects where nonspeciﬁc electrostatic interactions and ‘squelching’ may lead to inhibition of many genes. Altered levels of transcription factors may have
disastrous consequences like cancer. Recent developments like designing of artiﬁcial transcription factors, nanotechnology-based transcriptional tools and CRISPR-based transcription modules with capabilities of precise regulation of gene expression patterns hold huge
potentials in the ﬁeld of transcriptional therapeutics.
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‘In the expression of the nucleic message, as
well as in its reproduction, adaptation results
from an elective rather than an instructive effect
of the environment’
(Francois Jacob, Genetics of the Bacterial Cell, Nobel
Lecture, 11 Dec 1965)

Introduction
Environmental changes may inﬂuence the genomic functions. Diversity among cells result both due to structural as
well as functional changes on the level of genes. Functional
changes may arise due to structural changes which involve
both changes in the nucleotide sequence as well as changes
like methylation of bases and histones, acetylation of histones and other modiﬁcations that alter genomic spatial
organization. All these changes may be involved in the
activation as well as the repression of genes for differential

functioning of the cells under different conditions. On cellular level, the extracellular milieu and the cytoplasm have
profound impact on the genomic functions. These factors
may induce such changes in the genome which can even be
inherited. All these changes are called epigenetic changes
and these involve mainly covalent modiﬁcations of DNA
bases (e.g., CpG methylation) and covalent modiﬁcations of
histones. All these modiﬁcations constitute what we call the
‘epigenetic signatures of the genome’. In the creation of
these signatures, various proteins and noncoding RNAs are
involved (Goldberg et al. 2007; Clancy et al. 2015). These
signatures are the ‘mirrors’ of the active and repressed state
of the chromatin which in turn reﬂect the functional and the
silent state of a gene. A multicellular organism is made up of
a large numbers of cells, which in turn form tissues. Cells
within a particular type of tissue are specialized for speciﬁc
functions which differ from those present in other tissue
types. Such specializations result through the process of
differentiation. Life of a multicellular organism starts with a
multipotent single celled zygote that undergoes various
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changes leading to formation of a multicellular embryo with
large number of specialized cells of different form and
function. Each type of differentiated cell has its own epigenetic signature. Most of these epigenetic signatures are
maintained throughout the life of an organism.
Transcription factors are involved in regulating genetic
functions at a larger scale because these factors have direct
access to the genome. Transcription factors are key components of environmental responses (Gonzalez 2016).
Transcription factors play an important role in the process of
differentiation. In fact, many transcription factors are
speciﬁc to a speciﬁc cell type. Transcription factors play an
important role in determining cell fate during development.
They are involved in generation and maintenance of cell
type speciﬁc features including their epigenetic signatures.
Even, the level of a transcription factor is very important for
normal development and appropriate cell fate determination.
In this review, it has been explained how different levels of
the same transcription factor may lead to different cell fates
with acquisition of different epigenetic signatures followed
by an overview of different methods developed to alter
transcription factor stoichiometry artiﬁcially. In chemistry,
stoichiometry refers to the quantitative relationship between
the amount of all the reactants and the products in a reaction.
Likewise, transcription factors do not work in isolation. The
level of a particular transcription factor in a cell at a particular time is always relative to other transcription factors
and other molecules. Also many transcription factors work
in cascade, i.e. activation of one transcription factor may
trigger direct activation or repression of other transcription
factors. One transcription factor may also inﬂuence expression of other transcription factors. Therefore, the term ‘stoichiometry’ simply refers to the amount of a transcription
factor (which is always relative to other transcription factors)
in a cell at a particular time (Darnell 2020). The ﬂuctuation
in levels of one transcription factor may bring out changes in
cell fate by affecting levels of other transcription factors
apart from affecting synthesis of other effector molecules
and nontranscription factor proteins. Not all transcription
factors exhibit similar effects. Some transcription factors
may act as master regulators and may have more profound
effects on the cellular functions than others. For example,
microphthalmia associated transcription factor (MITF) is
considered the master regulator of melanocyte development
(Levy, Khaled and Fisher 2006; Lin and Fisher 2007) and
(sex determining region y)-box9 (SOX9) transcription factor
is considered the master regulator of chondrogenesis (Lefebvre and Dvir-Ginzberg 2017). Transcription factor stoichiometry of a particular cell type plays an important role in
keeping the cell in its differentiated state. Disturbances
causing changes in this stoichiometry may result in cell fate
switching and even cancer. Present review article deals with
the importance of the relative levels or stoichiometry of
transcription factors in determination and maintenance of
cell fate, how these levels can be altered artiﬁcially to cause
speciﬁc set of cells to acquire different cell fate more

efﬁciently, how scientists have created speciﬁc type of stem
cells just by altering the stoichiometry of a set of transcription factors in a cocktail, how overexpression of
speciﬁc transcription factors have led to the discovery of
many other transcription factors in yeast, how overexpression of certain transcription factors may even lead to toxicity
in some biological systems and other recent advances in the
ﬁeld of transcription factor biology.

Role of transcription factors in cell fate
determination: an experimental overview
Recently, scientists have shown that even terminally differentiated somatic cells can be reprogrammed back again to
acquire its pluripotent properties. The ﬁrst evidence for such
reprogramming came from the works of Briggs and King
(1952) and Gurdon et al. (1958) which proves that all
somatic cells of the body of an organism contains same
nucleus with same number of chromosomes with same
genes. Hence, all the somatic cells of the body of a multicellular organism, though different in structure and function,
are genomically equivalent (i.e., they show genomic equivalence). The scientiﬁc world was surprised when Ian Wilmut
(1997) declared the generation of a cloned sheep, Dolly by
transplanting a somatic nucleus in an enucleated egg. These
experiments were based on direct transfer of nucleus where
factors present in the egg cytoplasm reprogramme the differentiated nucleus to acquire new epigenetic signatures. In a
quest to discover factors present in egg cytoplasm causing
such effect on differentiated nucleus, it was found that most
of these reprogramming factors are transcription factors.
Ectopic expression or overexpression of tissue speciﬁc
transcription factors are also known to induce cell fate
switching or transdifferentiation where one type of differentiated cell can become differentiated cell of another type.
The earliest evidence of cell fate conversion has come from
the seminal work of Weintraub et al. (1989), where the
ectopic expression of muscle speciﬁc basic helix-loop-helix
(bHLH) transcription factor named myoD in mouse
embryonic ﬁbroblasts converted these cells to myoblasts.
Many similar experiments were conducted subsequently by
different groups across the globe (Cozar-Castellano and
Stewart 2005; Graf 2011; Morris and Daley 2013) (ﬁgure 1).
Recently the complete conversion of mouse and human
ﬁbroblasts to functional melanocytes by overexpressing only
three transcription factors, namely MITF, (sex determining
region y)-box 10 (SOX10) and paired box gene 3 (PAX3)
has been reported (Yang et al. 2014). One more advancement in this area came from the landmark experiments of
Takahashi and Yamanaka (2006) for which Yamnaka was
awarded Noble prize of Physiology or Medicine in 2012
with Gurdon. In their work, they generated induced
pluripotent stem cells (iPSCs) by forced expression of only
four transcription factors, namely octamer-binding transcription factor 4 (Oct4), also known as POU domain, class
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Figure 1. Some examples of transcription factor-induced transdifferentiation.

5, transcription factor 1 (POU5F1), (sex determining region
y)-box 2 (Sox2), kruppel-like factor 4 (Klf4) and gene name
derived from avian virus, myelocytomatosis (Myc). These
transcription factors can induce such molecular changes in a
somatic cell that leads to change in the epigenetic signature
of the genome from that of a ﬁbroblast to that of a stem cell.
These factors not only regulate transcription via acting on
the target genes but also interact with a large number of
proteins involved in activation and repression of genes,
chromatin remodelling, and generation, maintenance and
removal of epigenetic signatures like SWI/SNF related,
matrix associated, actin dependent regulator of chromatin,
subfamily a, member 4 (SMARCA4), histone deacetylase 1
(HDAC1), histone deacetylase 2 (HDAC2), histone
deacetylase 5 (HDAC5), histone deacetylase 7 (HDAC7),
etc. These proteins, e.g., lead to gain of DNA trimethylation
gradually on histone H3 Lysine residue 4, 27 and 36
(H3K4me3, H3K27me3 and H3K36me3). The cells produced via these manipulations are very much similar to
embryonic stem cells (Schmidt and Plath 2012) but the
efﬁciency of generation of iPSCs using this cocktail of
transcription factors is very low (1%). Therefore, many
modiﬁed strategies have been developed where addition of
additional factors with above mentioned core factors like
Glis1, Sall4 and Nanog has increased the efﬁciency (Schmidt and Plath 2012). Even for transdifferentiation experiments, ‘shortcut’ methodologies have been developed using
these core factors where transient expression of these factors

prior to expression of the differentiation inducing transcription factors of our choice enhances the efﬁciency of
generation of speciﬁc differentiated cell like cardiomyocytes
from other differentiated cells like mouse tail tip ﬁbroblasts
(Morris and Daley 2013). It should be noted that all differentiated cells are not equally plastic to fate-switching rather
some cells like ﬁbroblasts show more differentiation plasticity than cells like neurons (Sanchez Alvarado and
Yamanaka 2014). Thus, same methodologies are not equally
efﬁcient for all types of cells. These experiments do not tell
us about the effects of different levels of transcription factors
on cell fate determination, transdifferentiation and induction
of pluripotency, and the ratio or stoichiometry of these factors in the cocktail used in the experiments. All these issues
will be dealt in subsequent sections.

Transcription factor stoichiometry in cell fate
switching
Above discussions were focussed on the role of transcription
factors in cell fate determination. In this section, we will
explore the role of different levels of transcription factors in
cell fate determination. MITF, the master regulator of melanocytes, and also a major melanoma oncogene is found to
be ampliﬁed in 30–40% of melanomas and is necessary for
the survival and proliferation of melanomas. Thus, it is
considered as a lineage survival or lineage addiction
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oncogene (Steingrı́msson et al. 2004; Garraway et al. 2005;
Garraway and Lander 2013). Different levels of MITF
shows different effects in melanomas. Low levels of MITF
arrest cells in G1 stage of cell cycle and cause stem cell like
properties and invasiveness (Carriera et al. 2006), intermediate levels increases proliferation, and higher levels
again leads to G1 arrest but also differentiation. Therefore,
MITF acts as a molecular rheostat (Strub et al. 2011;
Carriera et al. 2006; Hoek and Golding 2010; Cheli et al.
2011; Ploper et al. 2015). Also, overexpression of MITF
with two other transcription factors, Sox10 and Pax3, lead
to the conversion of mouse and human ﬁbroblasts to
functional melanocytes (Yang et al. 2014). The fact that
how the same transcription factor like MITF, just because
of its different levels at different time points, has such
diverse effects is intriguing and experimentally altering the
expression levels of such transcription factors may lead to
fascinating outcomes.
Two different types of stem cells are known that are
derived from early mouse embryos of two different developmental stages: one called as embryonic stem cells (ESCs)
from embryos at 3.5 days (E3.5) and another called as epiblast stem cells (EpiSCs) from embryos at 5.5 days (E5.5).
These cells can also be produced by low level expression of
reprogramming factors Oct4, Sox2, Klf4 and Myc in differentiated cells like ﬁbroblasts. Recently a distinct stem cell
was discovered by overexpressing the same reprogramming
factors and maintaining their high expression levels in the
differentiated cells. These new type of cells have been
named as F-class cells, named after the fuzzy appearance of
cell colonies in culture (Tonge et al. 2014) (ﬁgure 2). This
ﬁnding resulted from an international collaborative work as a
part of the project, Project Grandiose (Benevento et al. 2014;
Clancy et al. 2014; Hussein et al. 2014; Lee et al. 2014; Wu
and Izpisua Belmonte 2014; Tonge et al. 2014). This ﬁnding
shows how different levels of the same transcription factor

combination can have different effects on the cell fate
(ﬁgure 2).
Although these cells express many genes that are also
expressed by other pluripotent cells like genes involved in
mesenchymal-epithelial transition (MET), e.g., Nanog and
Sall4. It has been found that high levels of reprogramming
factors in these cells lead to activation of many genes that are
known to be inactive in ESCs or iPSCs of Yamanaka and many
genes that are known to be active in ESCs or iPSCs of
Yamanaka, has been found to be inactivated or repressed in
this new stem cell state. For example, a number of pluripotency related cell adhesion genes, e.g. cadherin-1 (Cdh1) and
epithelial cell adhesion molecule (Epcam); ESC-like markers,
e.g. intercellular adhesion molecule 1 (Icam1), nuclear receptor 5A (Nr5a), v-myc avian myelocytomatosis viral oncogene
homolog 1, lung carcinoma derived (Mycl1) and other genes,
e.g. cluster of differentiation 44 (CD44), that are known to be
active in ESCs and iPSCs, have been found to be repressed in
F-class cells. These cells also showed high expression of many
developmental genes like glioma-associated oncogene family
zinc ﬁnger 1 (Gli1), islet-1 (Isl1) and v-kit hardy-zuckerman 4
feline sarcoma viral oncogene homolog (Kit) (Hussein et al.
2014).
There are also signiﬁcant changes in the epigenetic signatures. Here, high expression levels of reprogramming
factors lead to widespread loss of trimethylation of histone
H3 lysine residue 27 (H3K27me3). This represents opening
of the chromatin, i.e. active gene state and this is known to
occur in ESCs but maintenance of high levels of these
factors leads to reacquisition of these epigenetic signatures
that is stable and is different from ESC-like state (Hussein
et al. 2014; Lee et al. 2014). T-box transcription factor 5
(Tbx5), GATA binding protein 4 (Gata4) and myocytespeciﬁc enhancer factor 2c (Mef2c), the combination of
these three transcription factors have been reported to
constitute the minimum requirement for directly

Figure 2. Distinct types of stem cells. ES cells, embryonic stem cells; EpiS cells, epiblast stem cells; F-class cells generated by
reprogramming mature differentiated cells using different levels of the same reprogramming factors (explanation is given elsewhere in the
review).

Transcription factor stoichiometry

reprogramming mouse cardiac ﬁbroblasts to cardiomyocytes (Ieda et al. 2010). For this reprogramming experiment, various methods were developed for increasing the
reprogramming efﬁciency but most methods proved inefﬁcient in generating stable induced cardiomyocytes. Later,
it was found that optimal balance of expression of these
three factors greatly improved the reprogramming efﬁciency. Thus the problem of inefﬁcient reprogramming
arising with most methods was due to use of heterogenous
mixtures of the transcription factors without any concern of
the ratio of each factor in the mixture. In most of these
cases, cells were transfected with mixture of viruses containing insert of individual transcription factors. This led to
variable and less efﬁcient reprogramming. To counter this
problem, a polycistronic construct was created for the
expression of reprogramming factors in a homogenous ratio
for improving the reprogramming efﬁciency. In this study,
six polycistronic constructs were generated with identical
self-cleaving 2A peptide (P2A and T2A) (Radcliffe and
Mitrophanous 2004; Szymazak et al. 2004, Kim et al.
2011) to incorporate all possible orders of Tbx5, Gata4 and
Mef2c in a single transgene, i.e. Mef2c-Gata4-Tbx5
(MGT), Mef2c-Tbx5-Gata4 (MTG), Gata4-Mef2c-Tbx5
(GMT), Gata4-Tbx5-Mef2c (GTM), Tbx5-Mef2c-Gata4
(TMG), and Tbx5-Gata4-Mef2c (TGM) (ﬁgure 3) (Wang
et al. 2015).
When polycistronic vectors were used for transduction, a
signiﬁcant positive difference was observed in the reprogramming efﬁciency. Particularly, the combination of two
vectors, Mef2c-Gata4-Tbx5 and Mef2c-Tbx5-Gata4, with
high expression levels of Mef2c and low expression levels of
Gata4 and Tbx5 led to enhancement in reprogramming.
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Therefore, levels of different transcription factors with
respect to each other in a cocktail, i.e., their stoichiometry
has profound inﬂuence on the reprogramming efﬁciency
(Muraoka and Ieda 2015), thus, on the cell fate determination as well.

Phenotypic activation: a tool to discover new
transcription factors
As already discussed, different levels of the same transcription factor can activate different set of genes. Expression of many gene are based on factors like temperature,
nutrient availability, cell density, growth factors, toxins, etc.
There are many unknown genes of putative transcription
factors that are functional only at some speciﬁc time point
under speciﬁc known or unknown conditions, that too for a
very small time period. Thus, the study of targets and
functions of such transcription factors become difﬁcult. To
overcome this issue, a new approach has been developed
where the overexpression of the transcription factor under
study lead to activation of its target genes (both known and
unknown), that often (not always) gets reﬂected by the
change in phenotype of the cells. This approach, called the
phenotypic activation, led to discovery and characterization
of many transcription factors and their targets in yeast (Chua
et al. 2006), e.g. Toe1, Toe2 and Toe3 transcription factors
were discovered and characterized in ﬁssion yeast
Schizosaccharomyces pombe following the same approach
of phenotypic activation (Vachon et al. 2013). Here, Toe1
overexpression produces elongated cells in ﬁssion yeast
Schizosaccharomyces pombe (ﬁgure 4). Thus, experimental

Figure 3. Strategies for direct cardiac reprogramming using polycistronic vectors and individual vectors.
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Figure 4. Toe1 transcription factor overexpression in ﬁssion yeast
Schizosaccharomyces pombe produces elongated cells; OE,
overexpression.

Figure 5. Classes of proteins involved in protein overexpression
toxicity in E. coli. Proteins acting as transcription factors constitute
the major class of proteins involved in protein overexpression
toxicity.

alterations in the level of transcription factors provides a way
to discover new genes and their analysis.

Transcription factor toxicity due to disturbed
stoichiometry
It has been found that overexpression of a transcription
factor or transcription activator that is known to be
involved in promoting transcription starts working in a
reverse way when overexpressed. This is not always due to
direct repression of target genes activated by low levels of
transcription factors by the activity of other target genes
that are activated by high levels of transcription factors as
already discussed, rather some other mechanisms are
involved. The stoichiometry of proteins is highly maintained even in simple unicellular organisms like bacteria for
normal functioning. Many protein related studies involve
overexpression of proteins in Escherichia coli. It is also
known that overexpression of majority of proteins in E. coli
leads to growth inhibition. Among all these proteins,
transcription factors form the major class (ﬁgure 5). Nonspeciﬁc electrostatic interactions have been found to be
involved behind toxicity caused by protein overexpression
(Singh and Dash 2013).
One more mechanism has been described through which
such toxicity is caused by high levels of transcription factors
where overexpression of a strong activator that can activate
its target genes only by forming complex with a general
transcription factor of RNA polymerase II may inhibit the

expression of other genes that require the same general
transcription factor but some other activator that form a
weaker complex with the same general transcription factor.
This mechanism has been called ‘squelching’ or in more
precise term- the ‘transcriptional squelching’ (ﬁgure 6). The
most common example of transcriptional squelching is the
inactivation of many genes in yeast by overexpression of
Gal4 protein that contains a strong activation domain (apart
from a DNA binding and a dimerization domain) that can
bind with many coactivators and general transcription factors of RNA polymerase II. In other words, high levels of
Gal4 protein titrates the level of general transcription factors
by forming strong complexes thereby sequestering them
away from the access of other activator proteins thereby
inhibiting (or competitively inhibiting) gene expression (Gill
and Ptashne 1988; Ptashne 1988; Latchman 2008; Vachon
et al. 2013).
Disturbed stoichiometry of many transcription factors
may lead to many diseases in human beings. For example,
overexpression of transcription factors like signal transducer
and activator of transcription 3 (STAT3), signal transducer
and activator of transcription 5 (STAT5), nuclear factor
kappa B (subunits- c-REL, RELA, NFKB1, NFKB2 and
BCL2), b-catenin, Notch, v-jun avian sarcoma virus 17
oncogene homolog (c-JUN), glioma associated oncogene
(GLI), etc. are associated with many forms of cancer (Darnell 2002). Nuclear factor kappa B (NF-jB) overexpression
is also known to be associated with most chronic inﬂammatory diseases (Barnes and Karin 1997).

Artiﬁcial transcription factors in regulation
of transcription factor stoichiometry
Various artiﬁcial transcription factors (ATFs), especially the
ones containing zinc-ﬁngers have been used to generate
phenotypic variations in yeast and mammalian cells (Bae
et al. 2003; Park et al. 2003). For example, zinc ﬁnger
protein 226 (ZFP226), which is a Cys2-His2 zinc ﬁnger
based artiﬁcial trascription factor has been demonstrated to
selectively activate tumour suppressor kidney and brain
expressed protein (KIRBA), which is a key regulator of the
hippo pathway (Schelleckes et al. 2018). Similarly, there is
another ATF which can selectively regulate the pro-apoptotic
bax gene (Falke et al. 2003). Potentials of nanomaterials in
regulating gene expression are also being explored (Chun
et al. 2018). Recently, a nanotechnology based artiﬁcial
transcription factor named NanoScript has been developed
with similar potential. It was constructed by tethering synthetic transcription factors with functional peptide domains
which mimic the individual TF domains, onto gold
nanoparticles to generate a tunable gene regulatory platform
with high speciﬁcity and nuclear localization potential (Patel
et al. 2014). N-(4-chloro-3-(triﬂuoromethyl) phenyl)-2ethoxybenzamide (CTB) is known to stimulate pathway
leading to activation of Sox9, which is considered the master
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Figure 6. Transcriptional squelching. (a) Two activator molecules A and B activates transcription of genes 1 and 2 respectively only when
complexed with a general transcription factor T. (b) If the concentration of activator molecule A is very high, it leads to formation of large
number of complexes with general transcription factor T, making it unavailable to B so that only gene 1 is transcribed and gene 2 remains
inactive. This phenomenon is called transcriptional squelching.

regulator of chondrogenesis. Modiﬁcation of Sox9-speciﬁc
NanoScript with CTB has been reported to promote chondrogenesis in stem cells (Patel et al. 2015). There are many
such examples of ATFs which have been designed to
selectively activate or suppress gene expression. ATFs can
prove to be a robust tool to dissect transcriptional networks,
thereby opening a new approach to study functional genomics. These may also act as a new class of therapeutics as
many diseases including cancer are associated with fault in
the gene expression patterns (Ansari and Mapp 2002). ATFs
have potential to act as regulatory molecules with huge
number of medical applications. The potential abilities of
these factors in regulating cell state dynamics and reprogramming of cell fate cannot be ruled out (Heiderscheit et al.
2018).

CRISPR mediated alteration of gene expression
and transcription factor stoichiometry
Repurposing clustered regularly interspaced short palindromic repeat (CRISPR) proteins for regulating transcription
factor stoichiometry proves to be a robust tool with huge
therapeutic potentials in diseases occurring due to transcriptional anomalies. These tools are simple to use and
highly scalable. This technology has already been used for
precise gene editing and epigenome modiﬁcations (Hilton
et al. 2015). CRISPR proteins function by recruiting a
modiﬁed Cas (CRISPR-associated) protein, which is a
sequence speciﬁc endonuclease, to target sequences using a
short stretch of RNA called guide RNA (gRNA). Cas9 is the
most widely used Cas with CRISPR (Baliou et al. 2018).
CRISPR–Cas9 system has been used to target genes associated with binding to speciﬁc transcription factors or the
genes directly involved in coding transcription factors to
produce alterations in the gene expression patterns by

affecting transcription factor stoichiometry (Sugano and
Nishihama 2018). Cell speciﬁc knockdown has also been
achieved using this technology (Babaei et al. 2019). Apart
from this approach, CRISPR-Cas9 based synthetic transcription factors have also been developed with engineered
catalytically dead Cas proteins with to alter gene expression
(Nihongaki et al. 2015; Pandelakis et al. 2020). In some of
these experiments, synthetic promoters have been constructed and employed to alter phenotypes in yeast cells
using CRISPR-Cas9 based synthetic transcription factors
(Machens et al. 2017). Optogenetic platforms like photoactivatable transcription systems based on CRISPR-Cas9
module have also been developed (Nihongaki et al. 2015;
Sato 2020). For instance, neuronal differentiation in iPSCs
has been achieved recently by upregulating neuronal differentiation 1 (NEUROD1) transcription factor expression
using similar photoactivatable transcription system (Nihongaki et al. 2017). CRISPR-based synthetic transcription
factors can be used for the optimization of gene expression
as well as for the spatiotemporal control of gene expression.
Therefore, CRISPR–Cas system has emerged as a robust
tool with huge potential in the ﬁeld of transcriptional therapeutics (Pandelakis et al. 2020).

Conclusion
The stoichiometry of transcription factors is strictly maintained by cells to maximize their chances of growth,
development and survival thereby maximizing the overall
ﬁtness of the organism. Disturbances in this stoichiometric
balance may have disastrous consequences like cancer. As
already explained, many transcription factors are speciﬁc to
a particular cell type and they act as a master regulator of the
fate of that particular cell type, i.e. they are essential for
differentiation as well as maintenance of the differentiated
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state of that cell type. The methodologies developed to
control the levels of transcription factors in a cell, as already
discussed, can be used for therapeutic purposes like cell
therapy and regenerative medicine. Using such methodologies various disease models can be generated with controlled
expression levels of transcription factors that would be more
authentic and reproducible. Emerging technologies like
artiﬁcial transcription factors, nanotechnology-based transcriptional tools and CRISPR-based transcription modules
with capabilities of precise regulation of gene expression
patterns hold huge potentials in the ﬁeld of transcriptional
therapeutics. In the very beginning of this review, there is
quoted, a famous statement of Francois Jacob (1965) which
states that environment has ‘elective’ effects on the functions
of genome, it cannot be ‘instructive’. Environmental signals
are sensed by the cells and to cope up with the changing
conditions, which may be favourable or unfavourable to the
cell, metabolic changes occur which help the cells to keep
integrity of its organization intact under different conditions.
Genes are the sole reserves of the information which guide
all the metabolic pathways whether it is anabolic or catabolic
in response to any signal. For instance, environment cannot
have ‘instructive’ effects on metabolism rather it provides
signals, which produce changes only in accordance of the
available genomic information. So genome (which contains
all the genes) is the sole instructor and decision maker. All
the transcription factors, activators, structural proteins,
enzymes involved in various metabolic pathways; and
products and intermediates of these metabolic pathways; all
are dependent on the genomic information for their synthesis, degradation and recycling. If we say that a particular
protein, e.g., a transcription factor is regulating the function
of a particular gene, it means that genome’s own product is
regulating the functions of genome. As transcription factors
have direct access to the genome, change in its stoichiometry
directly affects genetic and cellular functions.
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