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Abstract

In the field of tissue engineering, autologous cell sources are ideal to prevent adverse immune
responses; however, stable and reliable cell sources are limited. To acquire more reliable cell sources,
the harvesting and differentiation of stem cells from patients is becoming more and more common. To
this end, the need to control the fate of these stem cells before transplantation for therapeutic purposes
is urgent. Since transcription factors orchestrate all of the gene activities inside of a cell, researchers
have developed engineered and synthetic transcription factors to precisely control the fate of stem cells
allowing for safer and more effective cell sources. Engineered transcription factors, mutant fusion
proteins of naturally occurring proteins, comprise the three main domains of natural transcription
factors including DNA binding domains, transcriptional activation domains, and a linker domain. Several
key advancements of engineered zinc finger proteins, transcriptional activator-like effectors, and
deficient cas9 proteins have revolutionized the field of engineered transcription factors allowing for
precise control of gene regulation. Synthetic transcription factors are chemically made transcription
factor mimics that use small molecule based moieties to replicate the main functions of natural
transcription factors. These include hairpin polyamides, triple helix forming oligonucleotides, and
nanoparticle-based methods. Synthetic transcription factors allow for non-viral delivery and greater
spatiotemporal control of gene expression. The developments in engineered and synthetic transcription
factors have lowered the risk of tumorigenicity and improved differentiation capability of stem cells, as
well as facilitated many key discoveries in the fields of cancer and stem cell biology, thus providing a
stepping stone to advance regenerative medicine in the clinic for cell replacement therapies.

Key words: Gene Regulation, Transcription Factors, Cellular Reprogramming, Stem Cells, Regenerative
Medicine, Nanotechnology.

Introduction

Although stem cell therapy and cellular
reprogramming hold great potential for regenerative
medicine, precise control of stem cell differentiation
and reprogramming fate is one of the most critical
issues to be addressed before their therapeutic
applications can be fully realized. In particular, using
human patient-derived stem cells, such as human
induced pluripotent stem cells (hiPSCs), autologous
adult stem cells, and reprogramming patient-derived
somatic cells can offer a great opportunity for the
treatment of multiple devastating injuries and
neuro-degenerative diseases such as Parkinson’s and

Alzheimer’s diseases, and spinal cord injury.
However, several hurdles, including selective and
effective control of cell fate and a better
understanding of the cellular reprogramming and
differentiation mechanisms, must be surmounted
before innovative clinical approaches can be
developed.

To this end, regulating cellular reprogramming
and stem cell differentiation using the ectopic
expression of key transcription factors (TFs) not only
has high impact in the field of regenerative medicine,
but can also provide new insight into the fundamental
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mechanisms of cell state transitions. TF proteins are
master regulators of gene expression that function to
activate or deactivate specific gene networks within
cells, which alter cellular functions and fate such as
cell differentiation and cellular reprogramming. TFs
can sense and respond to various stimuli within cells
and in turn initiate various signaling cascades and
alter the genetic circuitry of the cell [1]. While TFs are
complex proteins that involve several different
interactions, they are made up of three basic
components: i) a nuclear localization domain that
allows for the protein to enter the nucleus; ii) a DNA
binding domain that can locate and bind to specific
DNA sequences; and iii) an activation domain that
can recruit RNA polymerase and the transcriptional
preinitiation complex to the desired DNA promoter
region and begin transcription. While TFs has been
well known to regulate the gene expression profile of
cells for decades, the pioneering work by Yamanaka
and colleagues, generating induced pluripotent stem
cells, has sparked a huge rise in the study and
engineering of transcription factors to alter the genetic
programming of cells [2, 3]. Forced expression of
transcription factors has been clearly demonstrated to
induce differentiation, cellular reprogramming, and
apoptosis. Extensive research has gone into utilizing
this ability of transcription factors to directly convert
from one cell type to another. Transdifferentiation
(lineage reprogramming, direct conversion, and direct
reprogramming) occurs when a cell is converted from
one cell type to another without entering a stem state.
The ability to convert from one cell type directly to
another has many advantages in the field of
regenerative medicine as it would allow for a larger
cell source and eliminate immune rejection. Through
forced expression of various transcription factors,

scientists have shown induced myogenic
transdifferentiation [4-6], cardiogenic
transdifferentiation [7-14], and neurogenic

transdifferentiation [15-18]. In addition, transcription
factors are involved in almost every cellular process
and can be related to several disorders. Thus, the
ectopic expression of transcription factors has proven
to be a very valuable tool in studying the progression
and expression pattern of diseases such as cancer
[19-21]. While the most common method of delivery
for transcription factors is viral vector expression,
several research groups have developed delivery
methods  including  electroporation,  polymer
nanocarriers, protein nanocapsules, lipid capsules,
oligonucleotide nanoparticles, and other nanoparticle
delivery vehicles to deliver whole transcription
factors into the cell. However these methods are
normally hindered by low delivery efficiency and
protein degradation [22-29]. Because of these

limitations, new technologies are needed to improve
current strategies for gene expression manipulation.
These approaches include the use of engineered
transcription factors that can target any specific
location within the genome and provide efficient
activation of endogenous genes, however the use of
viral-based delivery methods impede their
translational potentials. Although small molecule
based transcription factors provide the advantage of
non-viral delivery, often times they suffer from low
solubility and nuclear permeability. A novel platform,
NanoScript, was designed to provide enhanced
cellular uptake and non-viral delivery through a
nanoparticle-based transcription factor mimic.

Stem cells, specifically, have great potential for
therapeutic strategies. They can differentiate into
many different cell types in the body, they can sense
inflammation and migrate to sites of injury and
disease, and they can be grown and differentiated in
culture for the creation of disease models and
diagnostics. However, one of the major pitfalls of
current stem cell therapies is the lack of control over
stem cell fate. Unguided stem cell therapies can lead
to devastating adverse effects such as teratoma
formation when implanted. The major current hurdles
of using transcription factors to control cell fate are
the limited number of gene targets and the lack of
spatial and temporal control. Nevertheless,
transcription factors are one of the most powerful
proteins in the body due to their far-reaching impact,
and therefore are the focus of much study and
research to develop the next generation of
transcription factor technologies. New technologies
such as engineered and synthetic transcription factors
hold the key to further the field of stem cell
theranostics and regenerative medicine. By delivering
engineered and synthetic transcription factors into
cells we can specifically control cell fate and function.
With greater control over stem cell fate researchers
can develop more accurate disease models, more
advanced drug screening methods. This in turn can
lead to more advanced and effective drug
development as well as furthering stem cell-based
therapies (Figure 1).

Engineered Transcription Factors

While expression of natural transcription factors
(TFs) is very alluring and has several therapeutic and
research applications, the designs of natural TFs are
restricted to a limited number of targets, exogenously
expressed factors, or integrative viral delivery which
limits clinical application. In addition, there are few
cases that can be spatiotemporally regulated to
control gene expression. To address some of these
issues, several types of engineered transcription
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factors have been developed to specifically target any
gene and impart several other key advantages over
natural transcription factors. These engineered
transcription  factors normally consist of a
DNA-binding domain fused to a transcriptional
activation domain. The DNA binding domain can
target specific DNA sequences while the effector
domains can act to either activate or repress genes by
modulating the transcriptional machinery or altering
the epigenetic state. Three examples of this are
outlined in figure 2. The next section of this review
will highlight some of the main types of engineered
transcription factors including Zinc-finger proteins,
Transcriptional activator-like effectors, and Cas9
based transcription factors fused to various types of
effector domains for the regulation of transcription
and the control of cellular behavior (Figure 2) [30].

Engineered Zinc Finger Proteins (eZFPs)

Zinc Finger Proteins (ZFPs) are the most typical
class of DNA binding domains that are found on
naturally occurring transcription factors. Since the
development of polydactyl zinc finger proteins, first
discovered by the study of TFIIA, a general
transcription factor [31], the feasibility of using zinc
fingers as therapeutic agents has been achieved due to
their ability to bind to longer stretches of DNA
allowing them to be unique to one location in the
genome [32].

Developing the Technology

The first use of engineered ZFPs (eZFPs) was
described by Beerli ef al. in 2000. eZFPs that targeted
the untranslated region of the proto-oncogenes
EERB-2 and EERB-3 were designed. Then, activation
or repression domains were fused to the eZFPs and
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the engineered transcription factors were introduced
into the cells. Beerli el al. were able to show regulation
of the target genes and in addition treatment of the
engineered transcription factors in SKBR3 breast
cancer cells resulted in inhibition of the cell-cycle and
accumulation in the G1 phase. This demonstration
showed zinc finger proteins can potentially be used as
a therapeutic strategy [33]. As a study to show the
robustness of eZFP-TFs, Ji et al. constructed ZF-TFs for
OCT4, SOX2, KLF4, and c-MYC, the four factor
important in cellular reprograming. ZFPs were used
to target the promoter, distal enhancer, proximal
enhancer, as well as downstream from the proximal
promoter. In addition, various activation domains
including VP16, VP64, and p65 were also examined. Ji
et al. were able to find the optimal binding sites for the
various genes as well as show expression with each of
the different activation domains in HEK293T cells as
well as fibroblast cells. Figure 3 shows that when
using the zinc finger to target the promoter region of
the OCT4 gene binding 1197 base pairs upstream of
the transcription start site elicited the highest
expression of OCT4 using the activation domain p65.
In addition, it was shown that binding 51 base pairs
upstream using the VP64 activation domain gave the
highest expression of SOX2 in K562 cells whereas
binding 84 base pairs upstream gave the highest
expression of SOX2 in fibroblasts. Ji and colleagues
also tested the relative efficiency of different
activation domains for the 4 genes tested. They
showed that for different genes different activation
domains worked the best to increase transcription
(Figure 3). This suggests the design of the eZFP-TF
may be more complex than originally thought [34].
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Figure 1. Engineered and Synthetic transcription factors can modulate gene expression and alter cell behavior to initiate cellular processes such as differentiation.
Engineered Transcription factors are mutations of naturally occurring transcription factors used to gain key advantages such as target specificity while synthetic

transcription factors are chemically derived transcription factor mimics.
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Figure 2. Commonly used engineered transcription factors for gene manipulation. Zinc finger proteins (a) TALEs (b) and dCas9 (c) are used as DNA binding domains
to target specific gene sequences. They are then fused to effector domains to activate or repress transcription, or alter the epigenetic state of the histones. Crystal
structures are of zinc finger proteins, TALEs, and spCas9 (nuclease active) not fused to effector domains. Figure adapted from Thakore et al. (2016) Nature Methods
(30). Example crystal structures generated from PDB files 2113, 3UGM, and 4008.
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Figure 3. Engineered Zinc Finger proteins fused to p65 and VP64 activation domains upregulates OCT4, SOX2 respectively, in K562 (a and c) and BJ fibroblasts (b
and d) at various lengths upstream of the transcriptional start site (a-d). Relative activation of genes using ZFP-TF fused to various activation domains including p65,
2xp65, VP16 and VP64 (e-h). Modified from Ji et al. (34) https://creativecommons.org/licenses/by/3.0/legalcode

eZFP to the ligand binding domain of thyroid

Epigenetic Targeting hormone receptor. The fusion protein was able to

In addition to the use of standard activation
domains, groups have recently investigated the use of
epigenetic modifiers in conjunction with the ZFP
system. Snowden et al. showed that engineered ZFPs
can be used as repressors for VEGF-A by fusing the

deacetylate the histones H3 and H4 and cause
repression of the target genes. In addition, the eZFP
was able to reduce expression of VEGF by greater
than 20 fold dropping to levels of non-angiogenic
tumors making it a viable strategy for cancer therapy
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[35]. Cui et al. demonstrated the fusion of the DNA
methyltransferase dnmt3a to an eZFP targeting the
P16 promoter region. P16 is a gene that is heavily
involved in cancer growth and metastasis and, when
inhibited, has been shown to lead to a worse
prognosis. This study was performed to test whether
DNA methylation could play a role in P16 under
expression. The ZFP-dnmt3a fusion repressed the P16
gene approximately 2.5 fold and was able to confer an
increased migration and invasion in both transfected
GES-1 cells as well as BGC823 cells in both a transwell
system as well as an in vivo mouse metastasis model
[36]. Li et al. that Dnmt3a and Dnmt3b could be fused
to different DNA binding domains including GAL4
and an engineered Cys2His2 zinc finger protein to
target both cellular and viral promoters. They were
able to show an 18 fold reduction of the titer of Herpes
Simplex Virus type 1 using a methyltransferase fused
to a ZFP targeting the Herpes Simplex Virus type 1
gene IE175K [37]. Rivenbark et al. demonstrated the
use of DNMT3a fused to eZFP to suppress MAPSIN
and SOX2 in a human breast cancer cell line. Through
this they were able to demonstrate heritable gene
silencing through DNA methylation [38].

Therapeutic Applications

Dai et al. fused the p65 activation domain from
the nf-kb transcription factor to an eZFP targeting
VEGF to upregulate its expression in mice that
experienced femoral artery ligation. Treated groups
received eZFP treatment to the ischemic muscle and
showed a significant increase in VEGF mRNA
expression as well as increased capillary density and
cell proliferation compared to untreated groups. In
addition, blood flow ratio of the ischemic limb
compared to nonischemic were significantly higher in
the treated groups. Dai et al. showed that the eZFP
could activate VEGF expression in vivo and can
potentially be used as a treatment for peripheral
artery disease [39]. Graslund et al. used eZFPs
conjugated to VP64 domains to probe the targeting
sites near known proximal regulatory regions to
induce y-GLOBIN expression in K562 cells. Optimal
binding site and induce expression of y-GLOBIN were
found to be showing a 16-fold increase over native
K562 cells. This activation could potentially be used as
a treatment for sickle cell disease and thalassemic
diseases showing the therapeutic potential of eZFPs
[40].

Engineered Transcription Activator-Like
Effectors (eTALE)

A second class of DNA binding domains,
transcription activator-like effectors (TALEs), was
shown to have a unique DNA binding domain that is

made of tandem repeats of 34 amino acid residues. By
tuning the repeating variable residues located at the
12th and 13t position of each repeat, the recognition
sequence of the TALE can be tailored [41-45]. Since
this discovery, many groups have utilized TALEs to
engineer transcription factors with a high degree of
specificity with ease.

Developing the Technology

Morbitzer et al. showed that TALE could be
designed to target user-specific genes and targeted the
promoters of BS4, EGL3, or KNATI. In all three cases,
the desired gene was upregulated and showed that a
desired location in the genome can be efficiently
targeted with the TALE system [46]. Zhang et al.
utilized a novel technique to manufacture TALEs
which uses type Il restriction enzymes to ligate linkers
between the orthogonal repeated domains allowing
for a much more facile generation of TALEs. This
technique enhances the practical use of TALEs in
generating custom DNA-binding domains. Zhang
then tested 17 different TALEs to recognize specific
DNA binding sites including SOX2 and KLF4 causing
an increase in mCherry reporter expression. It is also
of interest to note that expression seemed to be
inversely related to the number of base pair
mismatches from the predicted DNA sequence [47].
Gao et al. utilized designer TALE TFs to induce
expression of OCT4 in mouse embryonic fibroblasts.
The OCT4-TALE, greatly increases OCT4 expression
in the fibroblasts and can replace exogenously
expressed OCT4 when reprogramming fibroblasts
into induced pluripotent stem cells, highlighting the
incredible capability of TALE-TFs to induce
reprogramming of fibroblasts to stem cells [48].
Perez-Pinera et al. and Maeder et al simultaneously
utilized a combinatorial technique where they
transfected multiple TALE-TFs that targeted several
areas in the promoter region and showed the delivery
of multiple TALE-TFs targeting the same gene at
different sites gave rise to a marked increase in
expression compared to expression of a singular
TALE-TF. A representative scheme of the TALE-TF is
shown in figure 4 showing the fusion of the VP64
domain onto the TALE DNA binding domain, with an
NLS to facilitate nuclear localization. The location of
binding of each TALE-TF with respect to the
transcription start site of the gene of interest is
highlighted in Figure 4b. Relative expression induced
by each TALE-TF treated individually to cells as well
as when co-expressed showing the significant
enhancement of gene expression when TALE-TFs are
multiplexed (Figure 4). Moreover, genes that are in a
silenced state can be robustly activated by this
combinatorial approach [49, 50].
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Figure 4. Schematic diagram of eTALE-TF (a). Location of binding sites for various eTALEs in various genes including ILIRN, KLK3, CEACAMS, and ERBB2 (b).
Relative luciferase activity detected for the various genes tested in a promoter reporter assay (c-f). Relative mRNA expression in transfected cells for various genes
tested (g-j). Protein expression detected using Elisa (k-I) or western blot (m-n). Adapted by permission from Macmillan Publishers Ltd: Nature Methods (49) copyright

Epigenetic Targeting

Bultmann et al. studied the epigenetic effect of
histone states on the efficiency of TALE-mediated
gene regulation. While eTALEs were able to
efficiently upregulate the pluripotency gene Oct4 in
mouse embryonic stem cells where the Oct4 promoter
would be active, very little upregulation of Oct4 in
was found in mouse neural stem cells where the Oct4
promoter is silenced. However, the activation of Oct4
in neural stem cells was able to be rescued using
epigenetic modulators such as valproic acid or
5-aza-2’-deoxycytidine which activated the Oct4
promoter. This demonstration showed the
dependence of TALE-based gene regulation on the
epigenetic state of the promoters as well as the
synergistic effect epigenetic modulators when used in
combination with TALE-TFs. In addition, Tale based
TFs can be used to alter the transcriptome of various
types of stem cells found in the body, demonstrating
their potential for therapeutic use [51]. Maeder et al.
also used TALE fusions to add a TET1 hydroxylase
catalytic domain onto the TAL effector. By doing so,
specific CpG methylation marks could be removed
from specific genes that are silenced in the genome.
This allows for the study of the effect of specific
methylation marks on the animal genome and

development as well as the activation of endogenous
genes by the deletion of silencing marks [50].
Bernstein et al. used a TALE DNMT fusion targeted at
the CDKN2A locus that encodes the cyclin-dependent
kinase inhibitor P16. Using this system they were able
to show a two-fold repression of P16 mRNA in
fibroblasts. This in turn increased the replication of
the fibroblasts by permitting entry into the cell cycle
[52]. Hu et al. studied the effect of TALE-TFs on the
expression of OCT4, a stringently silenced gene, in
human and mouse somatic cells. It was found that
TALE-VP64 had the most efficient expression -120 to
-80 bp upstream of the transcription start site. In
addition, a combination approach, as previously
described by Perez-Pinera, showed to achieve
upregulation of 30-fold expression. Furthermore,
p300, a histone acetyltransferase, further enhanced the
gene expression and protein production of OCT4 in
normally silenced cells [53].

Therapeutic Applications

Tremblay et al. utilized this technology to treat
Friedreich ataxia, a disorder with reduced expression
of the FRATAXIN gene. In order to treat the disorder,
12 different TALE-TFs were generated to target
different regions of the FRATAXIN gene. These
TALE-VP64 fusions were transfected into 293FT cells,
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and the optimized conditions showed a two to
three-fold increase in the FRATAXIN gene expression
in 293FT cells, however, protein expression was not
characterized. This demonstration showed the
potential of eTALE for therapeutic use for treating
disorders such as Friedreich ataxia, however it suffers
since the therapy would have to be administered
systemically, which is challenging [54]. Very recently,
Barbon et al. showed the potential of TALE-TFs for
treating diseases in a coagulation factor VII (FVII)
deficient human hepatocyte model. The TALE-TF was

designed to bind to a location in the promoter
between the two known point mutations that cause
the disorder. The TALE-TF was cotransfected with
both disease-mimic and wild-type reporters and
showed a 100 fold increase in disease-mimic reporter
expression. In addition, the TALE-TF was transfected
into HepG2 cells and Hepl0 (liver cells from 10
patients) cells and showed upregulation of gene
expression as well as an increase in F7 protein
expression. These demonstrations showed the
therapeutic potential of TALE-TFs [55].

Table 1. Summary of key results from engineered transcription factors being applied to endogenous genes in mammalian cells.

DBD Effector Domain  Cell Tested Gene target Multiplexing Fold Activation/Repression Reference
eZFP KRAB A431 erB-2 No Expression abolished 33
K562 y-Globin No 10 fold repression 40
VP64 A431 erB-2 No 8 fold activation 33
K562 y-Globin No 16 fold activation 40
K562 SOX2 No 30 fold activation 34
B]J Fibroblast SOX2 No ~50 fold activation 34
vErbA U87MG VEGF-A No 20 fold repression 35
P65 Ischemic rabbit muscle VEGF No 15 fold activation 39
K562 OCT4 No ~400 fold activation 34
BJ Fibroblast OCT4 No ~30 fold activation 34
dnmt3a HEK293T P16 No 2.5 fold repression 36
eTALE KRAB ESCs Oct4 No 10 fold repression 48
VP64 293FT SOX2 No 5.5 fold activation 47
KLF4 No 2.2 fold activation 47
293FT FRATAXIN No 3.1 fold activation 54
293T ILIRN Yes 17,183 fold activation 49
KLK3 Yes 820 fold activation 49
CEACAMb5 Yes 12,914 fold activation 49
ERBB2 Yes 10 fold activation 49
293T VEGF-A Yes 50 fold activation 50
miRNA302a Yes ~250 fold activation 50
NIH3T3 Oct4 Yes 30 fold activation 53
293T OCT4 Yes 20 fold activation 53
MEFs Oct4 No 20 fold activation 48
HepG2 F7 No 4 fold activation 55
Hep10 F7 No 4 fold activation 55
VP16 ESCs oct4 No 3-4 fold activation 51
ES-NSC oct4 No No activation 51
p65 293T VEGF-A Yes 35 fold activation 50
miRNA302a Yes ~100 fold activation 50
TET1 293 RHOXF2 No 14,000 fold activation 50
HBB No 40,000 fold activation 50
DNMT3a-3L HFFs CDKN2A No 2.5 fold repression 52
dCas9 KRAB HeLa CD71 No ~4 fold repression 58
CXCR4 No ~5 fold repression 58
VP64 ESC SOX17 No 287 fold activation 70
293T ASCL1 Yes 249 fold activation 59
NANOG Yes 13 fold activation 59
HBGI1 Yes 134 fold activation 59
MYOD1 Yes 47 fold activation 59
VEGFA Yes 2 fold activation 59
TERT Yes 2 fold activation 59
IL1B Yes 10 fold activation 59
IL1IR2 Yes 19 fold activation 59
NTF3 Yes 25 fold activation 60
VP160 293T ILIRN Yes 6.5 fold activation 62
SOX2 Yes 9.5 fold activation 62
OCT4 Yes 8 fold activation 62
VP192 293 OCT4 Yes 70 fold activation 71
hESC FOXA2 Yes ~10 fold activation 71
SOX17 Yes ~500 fold activation 71
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PDX1
NKX6.1
SAM system 293FT IL1B
HBGI
ZFP42
ASCL1
NANOG
LIN28A
MYOD1
IL1R2
POUS5F1
KLF4
P300 Core 293T ILIRN
MYOD
OCT4
VPR 293T MIAT
NEUROD1
ASCL1
RHOXF2
TTN
ACTC1
Casilio 293T OCT4
DNMT3A 293 IL6ST
BACH2
CDKN2A
DNMT3a-31 Skov-3 EpCAM

2782
Yes ~60 fold activation 71
Yes ~8 fold activation 71
No ~20,000 fold activation 63
No ~5,000 fold activation 63
No ~800 fold activation 63
No ~500 fold activation 63
No ~300 fold activation 63
No ~300 fold activation 63
No ~300 fold activation 63
No ~300 fold activation 63
No ~80 fold activation 63
No ~10 fold activation 63
Yes 9,920 fold activation 66
Yes 50 fold activation 66
Yes 32 fold activation 66
Yes 280 fold activation 64
Yes 87 fold activation 64
Yes 4,600 fold activation 64
Yes 18,000 fold activation 64
Yes 20,000 fold activation 64
Yes 330 fold activation 64
Yes 100 fold activation 65
Yes ~2 fold repression 67
Yes ~2 fold repression 67
Yes 39% decrease 68
Yes 2 fold repression 69

Inactive/deficient Cas9 (dCas9)

Lastly, a third class of DNA binding domains has
been developed, the CRISPR/Cas9 system. This
system has been engineered to rely on the Cas9
protein recognizing and binding to guide RNA
(gRNA) that is delivered into the cells. This system,
discovered in prokaryotes, provides resistance against
viruses in most bacteria [56]. A deficient Cas9 (dCas9)
version of the protein was engineered with mutations
in the nuclease portion of the protein ablating the
cleavage of DNA while maintaining its ability to bind
to gRNAs. The new deficient system was then used
for transcriptional interference and was able to
achieve up to 300-fold repression of a given gene in
bacteria while only a modest repression in
mammalian cells [57].

Developing the Technology

Gilbert et al took the technology one-step further
and attempted to improve the repression in
mammalian cells by fusing a repressor domain,
KRAB, onto the dCas9. By doing so, a 15-fold
repression of expression in mammalian cells was
achieved. In addition, Gilbert fused activation
domains to the dCas9 and was able to show up to 25
fold activation of a reporter plasmid [58]. Perez-Pinera
et al. demonstrated that this dCas9 fused with a VP64
activation domain was able to target the promoter
region of the endogenous ILIRN gene and showed
induction of the gene. In addition, upregulation was
seen in eight other genes including ASCL1, NANOG,
HBG1, HBG2, MYOD1, BEGFA, TERT, IL1B, and IL1R2.

In some cases, a single gRNA was sufficient to induce
expression of the genes where in other cases 4 gRNAs
were necessary to induce expression [59]
Concurrently Maeder et al. performed similar work
using a dCas9-VP64 fusion to express VEGFA and
NTEF3 yielding very similar results [60]. Farzadfard et
al. demonstrated the activation of genes using
orthogonal gRNAs in both natural and synthetic
promoters. In addition, small molecule triggered
activation was achieved by modifying the pRPRI
promoter with an anhydrotetracycline (aTc) inducible
site which would be stimulated in the presence of aTc.
Therefore, in the presence of aTc, there was a 20-fold
increase in blue fluorescent protein expression
compared to aTc null controls [61]. Cheng et al.
delivered multiple gRNAs for multiple genes and
demonstrated the ability for multiplexed endogenous
gene activation when dCas9 was delivered with
multiple gRNAs for different genes. In addition, by
altering the ratios of gRNA, the relative levels of
expression were tuned. It was shown that the
dCas9-TF system can work in vivo when injected into
the cytoplasm of mouse zygotes along with an EGFP
reporter construct containing the promoter region of
Nanog [62].

Increasing Activation

Konermann et al. were able to use the
dCas9-VP64 system with protein interacting aptamers
fused to the sgRNA to facilitate the recruitment of
effector domains. Plasmids for both dCas9-VP64 as
well as MS2-p65 were transfected into HEK293 and
A375 cells. This allowed for multiple distinct effectors
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to be bound to dCas9, modeled after the natural
transcription activation process. A screen of potential
gRNAs to impart resistance to BRAF inhibitors, drugs
designed to inhibit the mutated form of B-raf found in
many cancers, was also achieved and the top hits were
able to confer resistance to BRAF inhibitors in cell
lines as well as patient-derived samples, showing the
ability of Cas9 as a therapeutic strategy for stem
cell-based therapies [63]. Later, Chavez et al
demonstrated the rational design of a chimeric
activation domain composed of the VP64 activation
domain fused to p65 and Rta activation domains
connected by glycine serine linkers. The new
activation domain, termed VPR, showed significantly
higher activation, up to 320 fold, compared to VP64
alone. This chimeric protein is a step toward solving
the low activation efficiency seen by typical
dCas9-VP64 transcription factors. Chavez was able to
then demonstrate the usefulness of this technology by
increasing the differentiation of induced pluripotent
stem cells, an attractive candidate for stem cell
transplantation, into induced neurons by activating
NGN2 and NEUROD1 using dCas9-VPR [64]. Lastly,
Cheng et al. developed a Casilio system that is based
on the RNA binding protein Pumilio. Using this
system they were able to achieve multiplexing and
multimerization of several different types of effector
domains including: activation domains, epigenetic
modifiers, and fluorescent proteins. Using this
system, they were able to achieve multimerization in a
much easier manner, as well as, achieve robust gene
expression compared to traditional fusion protein
[65].

Epigenetic Targeting

Hilton et al. demonstrated the ability to fuse the
catalytic core of the p300 histone acetyl transferase to
the dCas9. This allowed for the site-specific
acetylation of the H3K27 and thus the transactivation
of the gene. Compared to the typical dCas9-VP64, the
dCas9-p300core was able to show higher upregulation
transcription, demonstrating the efficiency of the p300
core mediating gene activation in the promoter of
multiple genes. Figure 5 outlines the work done by
Hilton et al. detailing the scheme of the different
dCas9 systems tested, including: Cas9-VP64,
Cas9-P300, and Cas9-P300core. RT-PCR analysis
showed that the p300 core upregulated the ILIRN
gene 9,920 fold, the MYOD gene 50 fold, and the
OCT4 gene 32 fold. This is significantly higher than
the Cas9-VP64 which upregulated the genes by 1,434,
25, and 18 fold respectively (Figure 5) [66]. Vojta et al.
utilized the dCas9 system fused to the DNMT3A
DNA methyltransferase catalytic domain. By doing
so, they were able to use the gRNA to direct

site-specific DNA methylation to control gene
transcription. This system was able to increase the
methylation in the promoter region of the IL6ST gene
as well as the BACH2 gene. Along with the increase in
DNA methylation, there was a repression of gene
expression as measured by qPCR. IL6ST and BACH?2
are known to be involved in inflammation and
autoimmune diseases, and therefore this novel
Cas9-DNMT system can potentially have implications
for the study of treatment of these diseases [67].
McDonald et al. utilized a Cas9 DNMT3a fusion to
target the CpG island at the CDKN2A promoter. The
tumor suppressor gene CDKN2A is one of the most
frequently hypermethylated regions in cancer, thus
inhibiting the tumor suppressor gene. When
transfected into HEK293T the methylation of the
promoter region of CDKN2A was increased by 43%.
The mRNA expression was reduced by 30% and the
protein expression was reduced by 26% most likely
due to Cas9 based inhibition. This was a proof of
concept paper that showed dCas9 fused to DNA
methyltransferase domains could be used to study
DNA methylation of endogenous genes involved in
cancer development [68]. Stepper et al. utilized a more
potent epigenetic effector domain consisting of a
fusion of the DNMT3a C-terminal domain with the
C-terminal domains of DNMT3IL. They showed that
the fusion protein was able to increase methylation up
to 4.6 times higher compared to DNMT3a alone fused
to the dCas9. In addition, this increase in DNA
methylation led to a 2 fold reduction of mRNA when
targeted to the promoter region of the EpCAM gene in
Skov-3 cells and CXCR4 and TFRC genes in HEK 293T
cells [69].

Therapeutic & Differentiation Applications

Kearns et al. utilized dCas9 to study its effect on
the differentiation of both embryonic stem cell
cultures and induced pluripotent stem cells. dCas9
was fused to either the VP64 activation domain or the
KRAB repression domain to control gene expression.
Guide RNAs for the gene SOX17, a gene involved in
endoderm differentiation, were treated with the
dCas9-VP64 fusion to embryonic stem cells. An
increase in the SOX17 gene was observed as well as an
accumulation of the SOXI17 protein shown by
immunofluorescence. Next, the dCas9-KRAB system
was treated to pluripotent stem cells with gRNA
targeting OCT4, a gene involved in maintaining
pluripotency. When the dCas9-KRAB system was
treated, OCT4 was significantly repressed. In
addition, several markers for pluripotency could not
be detected using immunofluorescence indicating that
the pluripotent stem cells had begun differentiating
[70]. Balboa et al. also tested the differentiation
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capabilities of the dCas9 system. First, they delivered
a dCas9-VP192 construct targeted to the OCT4
promoter in fibroblast cells using electroporation to
test whether this system could replace ectopically
expressed OCT4 in fibroblast reprogramming. In
addition, they delivered plasmids to ectopically
express KLF4, SOX2, and c-MYC. They were able to
show that the dCas9 system was able to generate IPSC
colonies as efficiently as the ectopically expressed
OCT4. Next, they used dCas9-VP192 to activate
FOXA2, SO0X17, PDX1, and NKX6.1, all genes that are
involved in endoderm and pancreatic differentiation,
in IPSCs. They were able to differentiate IPSC colonies
into cells expressing pancreatic progenitor cells. This
demonstration showed the ability of dCas9 to induce
directed differentiation as de-differentiation [71].
Using the VPR technology, Lin et al. demonstrated the
use of dCas9-VPR in Drosophila cells as well as in
Drosophila in vivo. This was done by generating
transgenic flies that expressed the dCas9-VPR as well
2 distinct sgRNA. The dCas9-TF was used to activate
both Twist and Snail in vitro. Wg was activated in vivo
to physiologically relevant levels by generating

10X-UAS:3xFLAG-Cas9-VP64 and VPR constructs.
This created partial duplication of the wing pouch
and other patterning abnormalities caused by Wg
overexpression, thus showing dCas9-VPR’s
applicability in multicellular organisms [72].

Conclusions

While eZFPs, TALEs, and dCas9 all have been
developed to alter the genome or control gene
expression they each have their own unique
advantages. While many believe that dCas9 is the
most advanced system and will replace eZFPs and
TALE:s all together, this may not be the case. Studies,
such as those done by Gao et al., show that there may
be more nuanced details that need to be explored.
They showed that in their system the dCas9 was less
efficient at reprogramming somatic cells to iPSCs
compared the TALE system [73]. However, it is
indeed clear that the advantages of the dCas9 system
are remarkable including: its ability to multiplex, its
ease of scalability, as well as its cost efficiency making
it arguably the most promising future for the field of
engineered transcription factors.
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Figure 5. Schematic diagram of dCas9 DNA binding domain fused to activation domain, p300, and p300 core (a). Western blot in cells transfected with the dCas9
fusion proteins (b). Relative mRNA expression of ILIRN, MYOD, and OCT4 in HEK293T cells (c). Adapted by permission from Macmillan Publishers Ltd: Nature

Biotechnology (66) copyright (2015)
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These examples of engineered transcription
factors demonstrate the wide array of tools that have
been developed to control cellular fate. Engineered
transcription factor research provides the framework
for future advancements that can drastically change
the field of stem cell replacement therapy. By having
control over stem cells, researchers and clinicians can
significantly mitigate issues such as tumorigenesis
and unguided differentiation. In addition, engineered
transcription factor has the ability to create a virtually
unlimited cell sources where patient’s skin or stem
cells can be harvested and be differentiated or
transdifferentiated into the desired cell phenotype to
treat a variety of diseases.

Stimuli-Responsive Transcription Factors

While current methods of inducing gene
expression are extraordinary, one limitation of these
techniques is that lack of spatial and temporal control
of gene regulation after induction. To gain
spatial-temporal control over the delivery and
activation of engineered transcription factor, scientists
and bioengineers have developed stimuli-responsive
transcription factors to achieve such feat. This portion
of the review will focus on the design and generation
of light inducible transcription factors to alter gene
expression.

One of the first methods used to optogenetically
control gene expression inside of a cell was proposed
by Ye et al. in 2011. This research group took
advantage of the fact that the transcription factor
nuclear factor of activated T cells (NFAT) relied on
calcineurin to activate the transcription factor. Cells
were co-transfected with a melanopsin expression
vector and the luciferase reporter construct for NFAT.
Melanopsin is known to trigger a calcium response
inside the cell when exposed to blue light and
therefore is thought to induce NFAT activity when
stimulated. After cells were transfected, they were
exposed for 24 hours to blue-pulse light with 5
seconds on and 10 seconds off at a power of 1.5*10"8
photons s'm?2 [74]. As a proof of concept study,
secreted alkaline phosphatase (SEAP) expression
vectors were used and their cells were exposed to blue
light for 48 hours with 5 seconds on and 10 seconds
off. By 24 hours the levels of SEAP had already
reached maximum levels. This proved that the system
was able to work well and efficiently activate the
target gene. In addition, the amount of SEAP could be
tuned by irradiating the sample for varying amounts
of time. To validate the therapeutic use of their
design, the group also tested the system in mice with
glucagon-like peptide 1, a glucose homeostasis
peptide. This was achieved by subcutaneously
injecting HEK293 cells, which constitutively

expressed melanopsin and had a NFAT driven
glucagon-like peptide 1 expression vector, in both
healthy and diabetic mice. Significant increase in the
glucagon-like peptide was observed in both healthy
and diabetic mice. The mice were exposed to blue
light pulses for 48 hours and showed an improvement
in glucose homeostasis measured by increased insulin
levels as well as a lower glycemic excursion when the
mice were injected with glucose [74]. Binder et al
demonstrated the light-based control of gene
expression using a photocaged IPTG the inducer of
expression in a T7 RNA polymerase expression
system. When exposed to light the IPTG would be
uncaged and could induce expression in the E. coli.
This can be advantageous as it can be used to trigger a
gradual response to get specific dose-dependent
expression. In addition, using this photocaged IPTG, a
light responsive bacterial expression system was
made that could be demonstrated at the single cell
level using microfluidics [75].

The other main design for the use of optically
controlled transcription factors is the use of fusion
proteins. In this strategy, a DNA binding protein is
fused to one-half of an optogenetic pair, while an
activation of transcription domain is fused to the
other half. The creation of mutant fusion proteins is
feasible using standard molecular biology techniques
and cloning the fusion protein into an expression
vector and expressing the protein inside of a cell. This
design allows for the homo- and hetero-dimerization
of the optogenetic pairs after induction with blue light
bringing the activation domain and the DNA binding
domain together, allowing the construct to initiate
transcription. One of the first demonstrations of
optogenetic gene switch was by Yazawa et al. Briefly,
they fused Flavin-binding kelch repeat (FKF1) to a
VP16 activation domain, and fused Gigantea (GI) to
the Gal4 DNA binding domain. When irradiated with
blue light, the GI and FKF1 heterodimerized bringing
Gal4 and VP16 together thus allowing transcription.
The design was shown to be able to induce a 5-fold
increase in luciferase transcription [76]. In a similar
approach, Konermann et al. developed a CRY2-CIB1
interaction that is found in A. thaliana into an artificial
transcription factor. CRY2 protein was fused to the
C-terminus of a TALE [44, 77]. The fused system was
transfected into primary cortical neurons to target
various genes. As much as a 7-fold increase when
illuminating with blue light compared to the control
was observed. In addition, this group was able to
create a mutation in the NLS portion of the TALE
which significantly reduced the background
expression of NGN2 compared to controls with the
NLS. The high level of gene activation and low level
of background made the system a very robust and
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highly effective tool. Furthermore, epigenetic
modifiers were attached to the fusion protein to either
methylate or deacetylate the histone at the target
location.  Using this system, up to a
two-and-a-half-fold increase in methylation on
H4K20me3 and H3K27me3 and sixty percent
reduction of H4K8Ac were observed. This
demonstration offers a new way to control the
expression of genes using an epigenetic approach
rather than transcriptional to alter the histone
structure and epigenetic landscape of the genome.
Experiments were carried out primarily in primary
mouse neurons as well as in vivo highlighting the
ability to utilize optogenetically active TFs in primary
cells for therapeutic purposes [77]. A slightly different
approach proposed by Wang et al. involves the VVD
protein from Neurospora crassa. Wang proposed a
fusion of half the Gal4 DNA binding domain, termed
Gal4 (64), with the light oxygen voltage sensing
domain (LOV domain) of VVD, and the p65 activation
domain. When irradiated with blue light, the LOV
domain of VVD homodimerized bringing the Gal4
(64) pieces together which then also dimerized and
allowed DNA binding. After transfecting to HEK 293
cells with the fusion protein as well as a Gaussia
princeps luciferase reporter plasmid, a 13 and 81-fold
increase in luciferase gene expression was when
exposed to light for .5 and 1 hour respectively
compared to samples that were not exposed to light
[78]. Motta-Mena et al. developed a method to reduce
the time required for the optogenetic switch to be shut
off. Using the protein EL222, a transcription factor
found in bacteria, as well as a VP16 domain, allowed
for a light inducible switch that shut off in less than a
minute after irradiation was stopped. EL222 contains
a DNA binding domain as well as a LOV domain.
Under exposure to blue light, the EL222 protein
dimerizes and allows for DNA recognition. When
illuminated, this domain was able to have a greater
than 100 fold increase in Renilla luciferase gene
activation from a reporter plasmid. However, one of
the main important points of this demonstration was
the ability to have a relatively short time scale of
activation and deactivation kinetics. Activation was
observed in less than 10 seconds, and deactivation
was observed in less than 50 seconds. The EL222
based TF provides much greater temporal control
over the activation of transcription compared to
previous designs. A T cell-derived Jurkat splicing line
1 (JSL1) cell line was created that stably expressed
both the EL222 protein as well as a flag-tagged
CUPGSB Elav-like family 2 (CELF2) plasmid controlled
by a EL222 promoter. In the dark there was no
expression of CELF2, however, in the light there was a

moderate expression of the protein. The system was
also tested in zebrafish embryos, where the EL222 TF
mRNA and an EL222 mCherry reporter plasmid were
injected into the embryo at a single cell stage. When
exposed to light the developing zebrafish expressed
mCherry, whereas when left in the dark no mCherry
was observed. In short, this group was able to create a
platform that was nontoxic and had much greater
temporal control of transcription compared to other
designs [79]. Jayaraman et al. described the use of a
photoactive EL222 DNA binding domain. This
technique showed a minimal expression in the dark
state with a 5 fold increase in expression in the light
state in an E. Coli system [80]. Muller et al. created an
On/Off switch system using the phytochrome B and
phytochrome interacting factor 6(PIF6) from A.
thaliana. PIF6 was fused to a TETR DNA binding
domain and a VP16 activation domain was fused to
PhyB. This allowed an On/Off switch of the
transcription factor virtually instantaneously when
exposed to different wavelengths of light. In addition,
this technique uses low-energy light which reduces
concerns about protein stability as well as the health
of the cells both in vitro and in vivo. In addition, the
longer wavelength light has a much greater
penetration depth, and therefore is more suited for in
vivo application where UV and blue light may not be
able to reach. The longer wavelength light allows
stem cell based therapies to have temporal control of
gene expression in vivo [81]. Polstein et al. have
engineered a CRISPR-Cas9 that can be light activated
as well. Using the CRY2-CIB1 binding partners, they
fused activation domains to the catalytically inactive
dCas9. This allowed for significantly enhanced gene
expression when exposed to blue light for multiple
genes in HEK 293 cells. A schematic diagram of dCas9
binding to DNA, as well as CIBN recruiting CRY2
when exposed to blue light is depicted in Figure 6a. In
addition, various orientation and truncations of the
Cas9-CIBN-CRY2 system were tested and treated to
cells targeting the ILIRN promoter under both light
and dark conditions. The mRNA was studied using
gPCR and presented in Figure 6b. Lastly, two other
genes were tested including HGB1/2 and ASCLI. For
both HGB1/2 and IL1RN the Cas9-CIBN-CRY2 system,
when exposed to light, worked almost as well as a
constitutively active Cas9-VP64 fusion targeting the
same genomic locus. In addition, low background
signal was detected for the samples kept in the dark
(Figure 6) [82].

Much of this information has been previously
reviewed by Muller et al. as well as a more in-depth
review of the use of optogenetic proteins by Tischer et
al. [83, 84].
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the C or N terminus as well as using a mutated CRY2 fusion protein (b). Relative mRNA expression of various genes tested with our without the CRY2 binding
partner and comparing it to dCas9-VP64 control (c). Adapted by permission from Macmillan Publishers Ltd: Nature Chemical Biology (82) copyright (2015)

Using these light responsive engineered
transcription factors, complex cellular patterns can be
made as well as enhanced spatial and temporal
control of cellular behavior both in vitro and in vivo. In
many therapeutic approaches, temporal control of
protein expressions is crucial. Light responsive
transcription factors are one avenue to gain greater
temporal control of gene activation post-delivery of
stem cells for therapeutic strategies such as cancer
therapy or regenerative medicine.

Synthetic Transcription Factors

The use of engineered transcription factors has
drastically changed the way that researchers can
study and manipulate the human genome. However,
as a therapeutic strategy, engineered transcription
factors are limited by commonly used viral-based
delivery methods. Viral based delivery, currently, is
not approved for therapeutic application due to the
risks  associated with genomic integration,
mutagenesis, and general cytotoxicity. To overcome
these critical challenges associated with viral delivery,
synthetic transcription factors have been developed to
promote the translational potential of transcription
factor-based therapies. Since synthetic transcription
factors are small molecule or nanoparticle-based, they
can bypass safety and other concerns that are raised
by viral-based delivery methods by not integrating
into the DNA and having low cytotoxicity through the
use of biocompatible nanomaterials.

Small Molecule Mimics

One of the early examples of synthetic
transcription factor mimics was pyrrole-imidazole

polyamides. These small molecules can recognize
different base pair sequences in the minor groove of
DNA by altering the pyrrole-imidazole order in the
polyamide [85]. In 1997, Gottesfeld et al. demonstrated
the use of pyrrole-imidazole polyamides to inhibit
gene expression of endogenous genes by binding to
the TFIIIA binding site to interfere gene expression.
While this methodology does not mimic the exact
mechanism of transcription factors, by using this
competitive binding, Gottesfeld was able to alter the
gene expression in the same way repressive
transcription factor would [86]. Mapp and colleagues
then fused a hairpin polyamide to the amphipathic
helix, a different peptide shown capable of activating
genes [87-89]. By doing this, they were able to target
the promoter region of a template plasmid and were
able to show a 13 fold enhancement of activated
transcription over basal levels of the template plasmid
[90]. Kwon et al. utilized a hairpin polyamide to
function as a DNA-binding domain and conjugated
this to Wrenchnolol, which is a non-peptidic
activation domain known to bind to the Sur-2 subunit
of the human mediator complex [91]. While this
molecule did not have that high a cell permeability, it
did demonstrate that a fully non-peptidic structure
can be used to make an artificial transcription factor
[92]. Xiao et al. demonstrated the use of a hairpin
polyamide fused to a new activation peptoid termed
carboxyfluoresceinated peptoid 3. This combination
structure was able to enter cells with a high efficiency
as well as initiate the transcription of a reporter
plasmid that has a luciferase reporter gene. A
dose-dependent increase in luciferase expression was
observed with a maximum of a fivefold increase [93].
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More recently, Pandian et al. demonstrated that
pyrrole-imidazole polyamides can be adapted with
epigenetic modifying agents such as SAHA. One such
compound was termed 8. This compound was able to
efficiently upregulate genes such as Oct 3/4 and Nanog
as well as alter Rex1, Cdhl, Zeb2 and other genes
involved in the mesenchymal to epithelial transition
of cells [94].

Alternatively, Kuznetsova et al. designed a
triplex-forming oligonucleotide (TFO) that was then
fused to the VP16 activation domain to induce
transcription [95]. TFOs are oligonucleotides that can
bind to the major groove of DNA and are generally
used to inhibit transcription similar to the earlier
described polyamide [96-100]. After HOBT ester
activation of the TFO, Kuznetsova reported a 3-fold
increase in luciferase expression demonstrating an
artificial transcription factor can be synthesized to
upregulate gene expression [95]. On the other hand,
Stanojevic and colleagues developed another artificial
transcription factor that combined the use of a TFO
conjugated to a synthetic fragment of the VP16
activation domain through the use of a bifunctional
linker. This peptide TFO conjugate was able to show a
30-fold enhancement of the template plasmid in HeLa
and BHK-21 cell lines proving the ability of artificial
transcription factor to upregulate genes when
delivered to cells in vitro even without the use of
transfection agents such as lipofectamine [101].

Small molecule transcription factors, while being
non-viral and clearly defined, suffer from
disadvantages such as relatively low cell permeability
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and gene enhancement. To overcome these concerns,
nanoparticle-based transcription factors offer a
unique approach and have gained significant traction.
The goal of these nanoparticle constructs is to mimic
the function of transcription factors but improve
cellular and nuclear uptake in a non-viral manner to
increase synthetic transcription factors delivery and
efficacy as well. This nanoparticle-based transcription
factor mimic has been termed, NanoScript.

NanoScript

NanoScript is a next generation artificial
nanoparticle-based synthetic transcription factor. The
goal of NanoScript is to mimic both the structure and
function of natural transcription factors by
incorporating the key domains that are found in
natural transcription factors using a nanoparticle as a
linker domain. Hairpin polyamides were used as
DNA binding domain, while a tandem repeat of VP16
was used as an activation domain, and the peptide
NLS from the SV40 large T-antigen was used as a
nuclear localization signal. Patel et al. first synthesized
10 nm gold nanoparticles. Mercaptoundecanoic acid
was coated onto the nanoparticle, and EDC/NHS
coupling was used to conjugate the biomolecules onto
the surface of the mnanoparticles. Once fully
functionalized, the NanoScript nanoparticle system
was constructed. The NanoScript system can
translocate into the nucleus and directly alter gene
expression levels. NanoScript has been demonstrated
to induce differentiation into muscle cells,
chondrocytes, and functional neurons (Figure 7).
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Figure 7. Schematic diagram of NanoScript entering the cell and translocating into the nucleus where it can alter gene expression. NanoScript is composed of a
magnetic core gold shell nanoparticle conjugated to the three effector domains, nuclear localization signals, DNA binding domains, and Activation domains.
NanoScript has been used to differentiate stem cells into muscle cells, chondrocytes, as well as neurons.
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NanoScript was then transfected into cells along
with a reporter plasmid. Robust cellular and nuclear
localization of NanoScript was observed using
3D-SIM  microscopy. In addition, a 15-fold
enhancement of reporter expression was seen when
transfected with NanoScript compared to control
conditions [102]. This demonstration showed that
NanoScript can upregulate gene expression of
reporters within cells. To further expand their
technology, Patel et al. then designed the polyamide to
target the consensus sequence of several myogenic
genes such as MYOD, MYOGENIN, MYF5, and MRF.
This new version of NanoScript was used to activate
endogenous genes in stem cells to initiate their
differentiation into muscle cells. After 7 days of
induction using NanoScript, a significant increase in
myogenic gene expression of up to 28-fold increase in
MYH1 was observed. This correlated with an increase
in the protein expression of myosin and myogenin
and the formation of myofibrils quantified using
immunostaining. In addition, NanoScript based gene
activation was compared to the delivery of MyoD
protein using commercially available cationic-based
lipid delivery vehicles where a significantly higher
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increase in gene expression using NanoScript was
observed [103]. This demonstration further confirmed
the potential of NanoScript to upregulate endogenous
genes in a non-viral manner. Additionally,
NanoScript has demonstrated its ability to not only
able to upregulate gene expression, but also repress
gene expression as many natural transcription factors
can. A short repressor peptide WRPW was chosen to
prevent the formation of the basal transcription
machinery at the transcription initiation site and
recruit Groucho and TLE family of proteins to inhibit
gene expression [104]. With this new repression
domain taking the place of the activation domain, the
new NanoScript was designed to knockdown the
S50X9 gene which is known to be a key neuronal
switch gene. When treated with NanoScript, SOX9
was repressed by 60%. In correlation, Tujl expression
had a 6--fold increase showing the inhibition of SOX9
led to the further differentiation of neural
stem/progenitor cells into the neuronal lineage.
Calcium imaging was then performed to show the
functionality of the induced neurons and the potency
of the NanoScript platform to induce differentiation
through transcriptional repression [105] (Figure 8).
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Figure 8. In one demonstration NanoScript-Sox9 was used to differentiate neural stem cells into functional neurons. Gene expression was determined for
NanoScript compared to nanoparticles with just the DNA binding domain, or just the repressor peptide (c). Fluorescent microscopy is used to show TUJI staining
(b). Calcium imaging was used to show functionality of the induced neurons (d,e). Adapted with permission from Wiley: Angewandte Chemie. (105) Copyright 2015
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Finally, to enhance the gene-manipulating
efficiency of NanoScript, the researchers added small
molecules that can modify the chromatin landscape of
the genome making it more accessible to initiate
transcription of genes. With the addition of an
epigenetic modulator onto NanoScript, the efficiency
of the platform was improved. A modified version of
the histone acetyltransferase activator, CIB, was
synthesized to be conjugated onto the nanoparticle.
CTB, known to activate the p300 pathway, has been
shown to influence the SOX9 activation in
chondrogenesis. When delivered to adipose-derived
stem cells (ADSCs), CIB modified NanoScript
increased the HAT activity of the cells by 50%. In
addition, the CTB loaded NanoScript increased the
gene expression of AGGRECAN, S0OX9, and
COLLAGEN 11 after 7 days of differentiation,
measured by qPCR, as well as increased the level of
immunostaining signal [106]. This demonstration
showed that the inclusion of an epigenetic modulator
has a drastic effect on the efficiency of NanoScript and
opens the door for the use of other molecules such as
SAHA or 5-azacytadine. NanoScript, an example of
next generation synthetic transcription factors having
high biocompatibility, high efficiency, and being
non-viral, can potentially be translated for further
therapeutic applications.

Current Limitations

While there have been significant advancements
in the field of engineered and synthetic transcription
factors, major hurdles still remain to be overcome
before the widespread use of these technologies. First
and foremost, the concern over immunogenicity of
many of the components of these systems and the
delivery vehicles that are used is critical [107].
Another potential pitfall of these technologies,
specifically those that fuse a catalytically active
domain to a DNA binding domain, is the off-target
effects [108]. Catalytically active domains, such as
p300, can alter the epigenetic state at locations not
targeted by the DNA binding domains. In addition,
repressive marks from KRAB domains have been
shown to spread past the targeted DNA region.
Although it has been shown that these off-target
effects are possible through CHiP-seq and epigenome
assays, remarkably, transcriptome analysis shows a
high specificity in many cases with few or no
off-target effects [109, 110]. In addition, one potential
solution that is being explored is developing effector
domains that are inactive until DNA binding. This
will greatly limit the off-target effects of these effector
domains.

Conclusions and Future Directions

The field of regenerative medicine is constantly
growing. With the growing need for cells, tissues, and
organs to treat a variety of diseases, a need for
advanced tools to control the growth and
differentiation of cells and tissues is abundantly clear.
To this end, engineered and synthetic transcription
factors can help provide the tools necessary to solve
many of these problems. Engineered and synthetic
transcription factors provide a platform for the future
studies of diseases and disorders as well as the
discovery and development of therapeutic strategies.
The ability to control any gene or gene network in the
body opens up unimaginable opportunity in the fields
of regenerative medicine, drug discovery, systems
biology, and genetics. As the field of engineered and
synthetic transcription factors advances, the ability to
completely control cell fate and function will become
more of a reality. Advances in the field can lead to a
virtually unlimited supply of tailor-made cells for
autologous cell transplantation for cell replacement
therapy, thus greatly impact the field of stem
cell-based regenerative medicine.

As the field of engineered and synthetic
transcription factors evolves, we can expect to see
major advances in regenerative medicine, specifically
stem cell theranostics. Patient cells will be harvested,
engineered, and transplanted back to treat
devastating  diseases such as  Alzheimer’s,
Parkinson’s, cancer, and many more. Skin cells will be
able to be harvested and converted into iPSCs and
grown into organoids to guide patient-specific
therapies. Stem cells will be engineered to become
fluorescent when they are near sites of disease or
tumors. All of these can be made possible by the
enhanced control of cellular behavior and phenotype
imparted by engineered and synthetic transcription
factors. Eventually, the biomedical community will be
able to mimic the embryonic development of tissues
and organs by controlling the gene expression
network of cells to stably and reproducibly generate
any cell type in the human body. With all the
opportunities, one is certain; the advancement of
engineered and synthetic transcription factors can
help address the healthcare needs of today and the
future.
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