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Abstract 
Recent advances in synthetic transcription factor design have given scientists new tools 

for probing genome biology and treating human disease.  However, the effects of these 

designer proteins on the cellular physiology have not been fully characterized. Here we 

describe the effects of synthetic activators on the DNA methylation status of targeted 

promoters. Through clonal bisulfite analysis we found that these activators induce a 

statistically significant decrease in DNA methylation in the targeted region. This study 

uncovers an important epigenetic effect that synthetic transcriptional activators can 

induce.  
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1. Introduction  
The discovery of modular DNA binding proteins has given scientists a plethora 

of new tools to carry out genomic research. Zinc fingers, transcription activator-like 

effectors (TALEs), and Cas9 are all proteins that scientists now use to target specific 

DNA sequences. The ability to design proteins that can target one specific loci anywhere 

in the genome is especially remarkable considering the sequence’s immense size and 

chemical homogeneity: it has over 3 billion base pairs but is comprised of only 4 

chemically distinct subunits [1]. These designer DNA binding domains hold exceptional 

promise as both tools for probing basic biology and as therapeutics against human 

disease. This work will investigate the ability of these DNA binding domains to activate 

transcription and change the methylation state of endogenous promoters in human cells.  

2.1 Designer DNA Binding Domains 

1.1.1 Zinc Fingers 

The Cys2-His2 zinc finger domain is the most common DNA-binding motif found 

in humans. Each zinc finger domain binds 3-4 consecutive nucleotides, and when 

multiple units are fused, zinc finger fusions can target longer sequences (Figure 1) [2]. 

The successful design of zinc finger arrays is based on the modularity of each zinc finger 

subunit. “Modularity” meaning when linking two subunits together, neither subunit 

affects the DNA binding properties of its neighboring subunit. The high failure rate and 

the difficulty of laboratories in adopting this technology could be attributed to the 

failure of linked zinc finger units to maintain their modularity. Although technical 

difficulties hindered their widespread use, synthetic zinc finger proteins showed the 
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promise of targeted DNA technologies.

 

Figure 1: The three dimensional structure of zinc fingers and TALEs [3]. 
(a) A six-finger zinc finger protein that consists of tandem repeats of C2H2 zinc 
finger motifs. (b) TALE effectors with repeat domains of 34 amino acids, each 
recognizing a single base of DNA. 

1.1.2 Transcription Activator-Like Effectors 

The discovery of the TALE DNA recognition code in 2009 allowed for significant 

advances in the design of targeted DNA-binding proteins [4, 5]. Most notable was its 

simpler protein-DNA interaction: each TALE module binds only a single DNA 

nucleotide (Figure 1) [6]. Protocols for the design of synthetic TALE proteins showed a 

much greater success rate than those for zinc fingers. This differential success rate is 

attributed to the TALE’s more modular protein-DNA interaction [7]. 

A TALE nuclease was the first functional fusion protein created using the TALE 

platform [8]. TALEs capable of transcriptional activation, transcriptional repression, 
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DNA demethylation, and histone demethylation have since been generated [9-12]. 

Streamlined cloning procedures have also been developed to make the TALE technology 

accessible to more laboratories [13]. 

1.1.3 Cas9 and CRISPR 

The latest advance in sequence- specific DNA binding proteins is based on an 

adaptive immune system found in prokaryotes. In nature, bacterial and archaeal species 

store sequences of foreign DNA in a CRISPR (clustered regularly interspaced short 

palindromic repeat) locus.  A surveillance system then uses these stored DNA sequences 

to degrade viral DNA: RNAs that contain the foreign sequence target nucleases to the 

invasive DNA molecules (Figure 2) [14]. 

 

Figure 2: Acquired Immunity in Bacteria Using CRISPR [14]. 
Viral DNA is recognized and inserted between the repeat sequences in the 
CRISPR locus. Transcription of the CRISPR locus produces crRNA that allows 
the surveillance complex to selectively degrade incoming viral DNA. 
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Cas9, the nuclease in the type II CRISPR system, has recently been engineered to 

function as a targeted nuclease in human cells [15, 16]. Transient transfection of Cas9 

and a guide RNA was shown to induce non-homologous end joining and homologous 

recombination events at the targeted region. The off-target activity of this RNA-guided 

nuclease has been evaluated by a number of methods [17-20].  

After the two initial studies by the Church and Zhang groups, there have been a 

number of others extending this work. Cas9 has been used as a targeted nuclease in 

various model organisms [21-24]. By introducing a single sense mutation in wild-type 

Cas9, a Cas9 that catalyzes single strand breaks (i.e. a nickase) DNA has been created. 

Dual Cas9 nickases have been used to decrease off-target effects for genome engineering 

applications [19, 25]. Cas9-based transcriptional activators and repressors have been 

designed by fusing different effector domains to a nuclease-null Cas9 (henceforth 

referred to as dCas9) [19, 26-28].  

The flurry of work using this CRISPR system stems primarily from its ease of 

use. Generating new zinc finger and TALE proteins requires specialized kits and 

multiple cloning steps, which can be daunting to the non-specialist. Targeting a new 

gene with CRISPR requires simply the creation of an appropriate gRNA, which can be 

done in one cloning step. This fast cloning requirement gives the scientist unfamiliar 

with protein engineering easy access to a powerful new technology.   

1.2 DNA Methylation in the Human Genome 
 DNA methylation is a chemical mark found in nature that serves a wide range 

of functions. In eukaryotes it is known to cause transcriptional repression by regulating 

transcription factor binding and causing changes in chromatin structure. In vertebrates 

the mark is deposited on cytosines in the symmetrical CpG context. The methylation 
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mark is most notable among epigenetic modifications in its heritability. DNA 

methylation profiles are passed on from mother to daughter cells via Dnmt1 activity [29, 

30]. This makes the methylation mark unique in its ability to enforce transcriptional 

programs during development [31]. Indeed, genome-wide profiling of DNA methylation 

has revealed methylation changes associated with key stages in development in the 

mouse embryo and differentiation of stem cells [32, 33]. Here, the known DNA-

methylation-mediated mechanisms in transcriptional regulation are reviewed. 

1.2.1 CpG Islands as Functional Regulatory Units 

 Vertebrate genomes have underrepresented CpG dinucleotide content1. This 

genome-wide depletion has been attributed to the mutagenic properties of 5-

methylcytosine, which can undergo spontaneous deamination and conversion into 

thyamine [34]. Of the 28 million CpGs in the human genome, approximately 70% are 

methylated. CpG islands, regions of the genome enriched for CpG dinucleotide content 

averaging 1000 nucleotides in length, are often an exception (Figure 3).  

 

Figure 3: CpG Island Distribution Across a Gene [35]. 
CGIs are characteristically unmethylated and present in three distinct genomic 
regions. (Empty circles) Unmethylated CpG residues. (Filled circles) Methylated 
CpG residues. 

                                                      
1 That is, when comparing to the expected value assuming a random distribution of the 4 nucleotides. 
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 Interest in CGIs is fueled by their association with the transcription start sites 

of genes.  Approximately 70% of annotated genes have promoters associated with a CGI 

[36]. Moreover, half of all CGIs are associated with promoters of annotated genes [35]. 

Remarkably, even those CGIs outside promoter regions (i.e. in intragenic or intergenic 

regions) have been shown to act as sites of transcription. In these cases, unusually placed 

CGIs have lead successful searches for associated transcripts [37-41]. CGIs’ association 

with known promoters and their ability to facilitate the discovery of new transcripts 

lends strong evidence for their functioning as key functional genetic elements in 

transcription. 

 There are a number of molecular observations that further support the 

function of CGIs’ as promoter elements. The first is their demonstrated recruitment of 

RNAPII, even in the absence of active transcription. This is supported by ChIP data [42] 

and global nuclear run-on analysis, where products of transcriptionally engaged 

RNAPII are sequenced [43, 44].  Beyond their high G+C content and elevated CpG 

levels, CGIs do not share consistent sequence homology. CGIs are also associated with 

transcriptionally active histone marks: the activating H3K4me3 mark being enriched [42, 

45] while the repressive H3K36me2 depleted [46]. The mechanism underlying the 

planting of these histone marks has been shown to involve transcription factors that 

bind specifically to nonmethylated CpGs [46, 47]. 

 Although typically unmethylated and bearing molecular marks of 

transcriptional activity, CGIs can also undergo methylation and stable silencing.  

There is evidence supporting a secondary role for DNA methylation, where 

hypermethylation of CGI promoters can reinforce and codify transcriptional silencing 

induced by other mechanisms. It is a working hypothesis, then, that DNA methylation 
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brings about permanent repression of genes that are already silent [48-51]. CGI 

methylation has a causative role in silencing events important in development, 

including the silencing of pluripotency genes during stem cell differentiation [52-54] and 

the silencing of imprinted genes [55]. 

 DNA methylation also plays an important functional role outside that of the 

typical CGI-TSS context. One example being gene body methylation, a common feature 

of transcribed genes [56].  The function of gene body methylation, however, is still 

unclear. There has been evidence supporting the idea that DNA methylation in these 

contexts functions to silence transposable elements [57]. In this model, transposable 

elements located in the gene body would be blocked from active transcription through 

DNA methylation. Alternatively, gene body methylation in the brain suggests that these 

marks can serve as regulators of alternative mRNA transcripts [56]. The lack of data 

supporting a single, clear mechanistic function of gene body regulation reinforces CGIs 

at TSSs as the prevailing paradigm for understanding DNA methylation and gene 

regulation. 

1.2.2 de novo Methylation and Demethylation 

 The dynamic changes in DNA methylation throughout development are 

mediated by a variety of DNA methyltransferase enzymes. DNMT1 carries out the 

methylation of hemi-methylated sequences during DNA replication, allowing for these 

epigenetic marks to be passed from mother to daughter cells. DNMT3A and DNMT3B 

are de novo DNA methyltransferases, planting methyl marks in the early embryo and 

maintaining them throughout the lifetime of the organism [58]. DNMT3L is a regulatory 

factor for DNMT3A, increasing its processivity [59]. The crystal structure of the 

DNMT3A-DNMT3L has been resolved and their catalytic domains delineated [60]. 
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Efforts to use DNMT3A and DNMT3A-DNMT3L as effector domains for targeted 

methylation have showed promising results [61]. 

 DNA demethylation in human cells is thought to proceed through a number 

of mechanisms, none of them being direct. The most likely route in human cells being 

Tet1 mediated conversion of 5-methylcytosines into 5-hydroxymethylcytosines [62]. The 

latter mark is not retained when the cell replicates and serves as an intermediate for 

passive demethylation. Demethylation can also proceed by deamination of 5-

methylcytosine to produce a thyamine. The GT mismatch would then activate the base 

excision repair pathway [63].

 

Figure 4: Pathways of demethylation in vertebrates [64]. 
Passive demethylation proceeds by deamination through Aid/APOBEC and by 
hydroxymethylation through the Tet family of proteins. Both pathways can lead 
to base excision repair and replacement with an unmodified cytosine nucleoside. 
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 The base excision of 5methylcytosine in Arabidopsis thaliana, however, occurs 

directly through the DEMETER (DME), a DNA glycosylase. The domain structure of 

DME has been described, and a minimal catalytic domain identified[65]. This catalytic 

domain holds exceptional promise as an effector domain for targeted demethylation. 

1.2.3 DNA Methylation and Human Disease 

 Aberrant DNA methylation is involved with a number of disease phenotypes 

in humans. Imprinting is the parent-specific silencing of one allele, mediated through 

DNA methylation. When mutations arise at an imprinted gene (e.g. deletion or 

uniparental disomy) a unique pattern of inheritance is observed. In these cases, the 

disease phenotype can only be transferred to offspring by one parent. The sex of the 

transferring parent depends on the imprinting pattern of the gene of interest. 

Note that patterns of inheritance for imprinted genes are distinct from those of sex-

linked genes. Sex-linked genes display inheritance dependent on the sex of the offspring, 

whereas inheritance of imprinted gene phenotype is dependent on the sex of the parent. 

Diseases that involve imprinted genes include Beckwith-Wiedemann syndrome, Prader-

Willi syndrome, and Angelman syndrome [66-70]. Acquisition of aberrant DNA 

methylation has been observed in cancer cells, where CGI methylation occurs at genes 

marked by the transcriptionally silencing H3K27me3 in embryonic stem (ES) cells. The 

adoption of ES cell methylation profiles could help enforce transcriptional programs that 

favor unstrained proliferation [71]. 

 The importance of DNA methylation as an epigenetic mark led naturally to 

questions about its relationship with synthetic transcriptional activators. Namely, do 

these synthetic activators disrupt the natural patterns of DNA methylation found in the 
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genome? Results from that endeavor lead to designs for synthetic proteins that might 

more efficiently modulate this epigenetic mark. 
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2. Methods 

2.1 TALE and CRISPR Plasmid Design 
TALE transcription factors were assembled using the Golden Gate TALE kit 

available from Addgene. The protocol for assembly has been previously described. 

Modifications to the kit were made as previously described. Briefly, the destination 

vector was modified to include to include a Flag epitope tag and an SV40 NLS at the N 

terminus, a 152-residue deletion from the N terminus of the wild-type TALE protein that 

has been previously shown to preserve the DNA-binding ability of TALEs, 63 wild-type 

TALE amino acids after the repeat domain, a C-terminal SV40 NLS, a VP64 domain that 

contains four repeats of the minimal activation domain of VP16 and an HA tag at the C 

terminus. 

The plasmid encoding Cas9(H840A) were obtained from Addgene (plasmid 

39316). Sequence encoding Cas9(H840A) was cloned into the vector pcDNA3.1 in frame 

with a Flag epitope tag and a NLS at the N terminus with a primer pair that introduced 

the mutation resulting in the D10A substitution. Sequences encoding the VP64 domain, 

an NLS and an HA epitope tag were cloned in frame with the open reading frame 

encoding Cas9 at the 3′ end. A previously described chimeric guide RNA expression 

cassette was also ordered as gBlocks with modifications to include a BbsI restriction site 

to facilitate rapid cloning of new guide RNA spacer sequences. The oligonucleotides 

containing the target sequences were obtained from IDT, hybridized, phosphorylated 

and cloned in the appropriate plasmids using BbsI sites. TALE and gRNA targets were 

designed to target directly upstream of the transcription start sites. 
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2.2 Cell Culture 
HEK293T cells were obtained from the American Tissue Collection Center (ATCC) 

through the Duke University Cancer Center Facilities and were maintained in DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C with 5% CO2. 

HEK293T cells were transfected with Lipofectamine 2000 (Invitrogen) according to 

manufacturer's instructions. Transfection efficiencies were routinely higher than 80%, as 

determined by fluorescence microscopy after delivery of a control eGFP expression 

plasmid. dCas9-VP64 expression plasmid was transfected at a mass ratio of 3:1 to either 

the individual gRNA expression plasmids or the identical amount of gRNA expression 

plasmid consisting of a mixture of equal amounts of the four gRNAs. 

2.3 qRT-PCR 
Total RNA was isolated using the RNeasy Plus RNA isolation kit (Qiagen). cDNA 

synthesis was performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). 

Real-time PCR using PerfeCTa SYBR Green FastMix was performed with the CFX96 

Real-Time PCR Detection System (Bio-Rad). The results are expressed as fold-increase 

mRNA expression of the gene of interest normalized to GAPDH expression by the DDCt 

method.  

2.4 Quantification of DNA repair by NHEJ 
After plasmid transfection, genomic DNA was harvested using the DNeasy kit (Qiagen). 

The region surrounding the target site was amplified by PCR. The PCR product was 

melted and re-annealed to create distorted duplex DNA. 18 uL of this sample was then 

incubated with 2 uL of Surveyor nuclease (Transgenomic) and 1uL of enhancer at 42°C 

for one hour. The reaction was then run on a 10% TBE gel, stained using ethidium 

bromide and imaged. 
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2.5 Clonal Bisulfite Analysis 
Genomic DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen). gDNA 

samples were treated with bisulfite using the EZ DNA Methylation-Gold kit (Zymogen). 

Primers for amplification of the target gene from converted DNA were designed using 

the Bisulfite Primer Seeker. Platinum Taq High Fidelity Polymerase was used for 

amplification and the cycling conditions were: 94°C 30s, 40x(94°C 30s, 50°C 30s, 68°C 

60s). PCR products were run on a 2% agarose gel and the correct band was gel extracted 

using a Gel Extraction kit (Qiagen). The insert was then cloned into a sequencing vector 

using restriction enzymes introduced during PCR or by using the TOPO blunt cloning 

kit (Invitrogen). Clones screened positive for the insert were sequenced. 
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3. Results 

 

Figure 5: Targeted activation of the IL1RN gene. 
(a) structure of a TALE-VP64 transcription factor. (b) structure of the nuclease-
null Cas9 construct and a schematic of its functioning. (c) IL1RN expression 
levels as assessed by qRT-PCR in HEK293T cells transfected with the indicated 
dCas9-VP64 plasmid, gRNA plasmids, TALE plasmids, and empty vector 
control. Data shown as the mean ± s.e.m. P<0.05 and was determined by Tukey’s 
Test. 

 

 Cas9 and TALEs were engineered to anchor VP64 near the IL1RN promoter 

region (Figure 1a, 1b). The recruitment of the VP64 transactivator showed a significant 

increase in mRNA levels (Figure 1c). TALE activators were approximately three times 

more efficient in inducing activation than their CRISPR counter parts. These results are 

consistent with previous reports targeting IL1RN and other genes[27, 28]. 
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Figure 6: Absence of detectable nuclease activity by dCas9-VP64. 
Transgenomic surveyor nuclease used to detect heteroduplexes in PCR product 
caused by error prone non-homologous end joining events in the genomic pool. 

To ensure that the nuclease activity of Cas9 has been abrogated, the surveyor 

assay was run on samples transfected with GFP or transfected with one of 4 different 

guide RNAs targeting the IL1RN promoter and either wild type Cas9 or dCas9-VP64 

(D10A, H840A). The lower molecular weight bands are indicative of nuclease activity 

and DNA repair by non-homologous end joining. For each guide RNA, wild type Cas9 

is shown to induce non-homologous end joining events at the target site while dCas9-

VP64 (D10A, H840A) has no detectible activity (Figure 2). The lower detection limit of 

the Surveyor assay is ~3% of modified alleles in a given population of cells [72]. 
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Figure 7: DNA Methylation profile of the IL1RN promoter region. 
(a) Annotated genomic region with CpG, TALE targets, gRNA targets, and the 

IL1RN gene demarcated. (b) IL1RN DNA methylation levels as assessed by 
clonal bisulfite sequencing of HEK293T cells transfected with the indicated 
CRISPR-activator plasmids, TALE activator plasmids, and empty vector control. 
Statistically significant (P<0.05) changes in methylation with respect to control 
are marked with an asterisk. Fischer’s exact test was used to calculate P values. 
 
After confirming that the designed constructs can induce targeted transcription 

without inducing NHEJ, their effects on endogenous DNA methylation were evaluated. 

Clonal bisulfite sequencing was used to probe the methylation patterns at the single 

CpG level. The IL1RN promoter has 9 CpG sites spanning a 600 base pair region (Figure 

3a). Fragmentation of genomic DNA due to bisulfite treatment limited the analysis to 

300 base pairs per clonal group.  

Cells transfected with CRISPR and TALE activators targeted to the IL1RN 

promoter had methylation levels significantly lower than cells transfected with an 



 

17 

empty vector. At CpG 170, both CRISPR and TALE transfected cells had a significant 

decrease in methylation, while at CpG 85 only TALEs showed significant decrease and 

at CpG 19 only CRISPR showed significant decrease. 

 
Figure 8: Design of TALE and Cas9 fusion proteins for targeted DNA 

methylation changes. 
 (a) Expression constructs with effector domains associated with de novo DNA 
demethylation.  (b) Expression constructs with effector domains associated with de novo 
DNA methylation. 

 
The modest decrease in the methylation state of the IL1RN promoter by VP64 

fusion proteins inspired the design of fusion proteins with novel effector domains 

(Figure 8). The catalytic domain of DEMETER (DEM), a DNA glycosylase from 

Arabidopsis thaliana, was cloned from cDNA into a vector backbone (Figure 9). A linker 

region unnecessary for catalytic activity was removed by amplifying via PCR all but that 
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linker region. A smaller linker was then inserted using Gibson cloning and an insert 

generated by two short DNA oligos. This reduced catalytic domain was then cloned into 

TALE and dCas9 expression vectors. 

 

Figure 9: Domain structure of DEMETER [65]. 
Removal of the N-terminal 667 amino acids and modification of the IDR1 linker 
region has minimal effects on DEMETER catalytic activity [65]. 

Similarly, TET1 and Dnmt3a catalytic domains were isolated from cDNA of 

HEK293s by PCR and cloned into TALE and dCas9 expression vectors using AscI and 

XbaI sites. The Dnmt3a-Dnmt3l fusion domain was done in two steps. First, Dnmt3a was 

cloned into a TALE destination vector using AscI and XbaI sites. This first step also 

introduced an SgrAI cloning site on the 3’ end of the Dnmt3a gene. Dnmt3l was then 

cloned in tandem by PCR from the pMX plasmid (Addgene #13356) and use of SgrAI 

and XbaI sites. The Dnmt3a-Dnmt3l fusion catalytic domain was then transferred to a 

dCas9 expression plasmid using AscI and XbaI. 
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4. Discussion 
DNA methylation is an epigenetic mark that is strongly associated with silenced 

genes. There are many instances of transcriptionally inactive genes with methylated 

promoters [35]. However, the causal link between transcription and methylation has 

never been tested in the converse. This study aims to test that link, namely: can 

increased transcription of an endogenous gene erase the methylation marks at its 

promoter? 

With the advent of TALE and CRISPR synthetic transcription factor design, this 

hypothesis can be tested. Well-characterized TALE and CRISPR activators targeted to 

the endogenous IL1RN promoter were used to activate transcription [28, 73]. Using 

clonal bisulfite sequencing, the effects of the synthetic activators on IL1RN promoter 

methylation were measured. Statistically significant decreases were observed in 3 CpGs 

across a population of HEK293T cells. This drop could be attributed to a number of 

causes. Thinking within the current paradigm, the synthetic activators and recruited 

transcriptional machinery could cause steric exclusion of the de novo DNA methylases, 

Dnmt3a and Dnmt3b, to the promoter region [31]. Explanations for this result are only 

speculative, however, as the mechanisms behind sequence specific methylation and 

demethylation have not yet been elucidated. 

The modest decrease in methylation lead efforts to design more robust systems 

for control of endogenous DNA methylation. Demeter and TET1 proteins were chosen 

for their known ability to initiate erasure of the 5mC mark. Demeter, from Arabidopsis 

thaliana, is a DNA glycosylase that does so through the base excision repair pathway, 

excising m5C residues regardless of their context DNA sequence. Demeter’s minimal 

catalytic domain has been well characterized [65]. TET1 demethylates passively, 

catalyzing the conversion of 5-methylcytosines into 5-hydroxymethylcytosines, which is 
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not maintained by Dnmt1 during DNA replication [74]. The minimal catalytic domain of 

TET1 has recently been fused with TALEs to induce modest site-specific methylation 

decreases [11].   

 Targeted DNA methylation has been a long-standing interest in the field of 

transcription factor design [75, 76]. Dnmt3a and Dnmt3a-Dnmt3al catalytic domains 

have been fused to zinc finger proteins to induce targeted methylation and gene 

silencing[61, 77]. Methyltransferases from bacteria have also been used with zinc fingers, 

though with limited success due to off-target effects [76].  

 These 4 effector domains have been cloned into TALE and dCas9 expression 

plasmids. Their activity will be validated using genes whose expression is contingent on 

DNA methylation. Most exciting would be the ability to induce or abolish transcription 

factor binding (e.g. CTCF) through demethylation or methylation of enhancer regions. 

ChIP could be used to measure this change. High performance liquid chromatography 

could be used as previously described to detect genome-wide changes in DNA 

methylation, a useful measure of off-target effects [78]. 

  The Dlk1 gene in the K562 cell line serves as an ideal target for the TALE and 

dCas9 DEM fusion protein. Dlk1 is a growth factor that serves to keep cells in a 

proliferative, non-differentiated state. In K562 cells, aberrant biallelic expression of Dlk1 

is caused by methylation of an upstream insulator and subsequent loss of CTCF binding. 

The specific CpGs implicated in this loss have been well characterized by a 

comprehensive study comparing methylation state and CTCF binding [79]. Effective 

demethylation by TALE-DEM and dCas9-DEM fusion proteins would produce a 

measurable increase in CTCF, which can be measured by ChIP. An analogous strategy 

will be taken with the DNMT3A and DNMT3A-DNMT3L fusion proteins. In HeLa cells, 

hypomethylation of the TERT1 promoter is associated with overexpression of the gene 
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[80, 81]. TALE and dCas9 fusion proteins will be targeted to these regions and 

repression of TERT1 will be measured by qPCR.  
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5. Conclusions 
 The ability to create proteins with genome-wide sequence specificity has allowed 

scientists to answer new and exciting questions. Genome engineering with targeted 

nucleases, and transcriptional modulation with targeted activators have been the two 

prevailing technologies utilized. The field now seeks to push beyond modifying the 

DNA sequence and the transcriptome.  

Targeted epigenetic modifications will allow scientists to unveil new layers of 

genomic mechanisms. Until now scientists have relied on imperfect tools to test causal 

relations of DNA methylation (e.g. 5-azacitidine). The ability to target epigenetic 

modifications in living cells will allow researchers to make more direct causal links and 

better test hypotheses involving the role of DNA methylation in the genome.
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