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Abstract 

The introduction of the CRISPR/Cas9 system and its nuclease inactive variant dCas9 allows 

us to address cause versus consequence relationships between biological phenomena such as 

DNA methylation and gene expression. In addition, this flexible platform can induce targeted 

gene expression modulation to be exploited for investigations of the biological functionality 

of any given gene. For therapeutic approaches, dCas9-based epigenetic editing promises a 

one-and-done approach to reprogram gene expression with mitotic stability. In view of the 

many promises, technical improvements have been introduced to increase the ease of 

readouts of laboratory systems. Here, we applied such approaches (MS2 system, FACsorting 

and methyltransferase variants) to modulate the expression of UCHL1, a gene with relevance 

to cancer and airway diseases. We showed that using cells stably expressing dCas9-fusions 

does not per se result in increased efficiency of its induced effect. Interestingly, although 

methylation was induced, also at the transcription start site of UCHL1, this did not result in a 

decreased gene expression. Overall, overcoming technical hurdles while increasing our 

understanding of the underlying biological phenomena will enable to optimize dCas9-based 

epigenetic editing tools, allowing CRISPR/dCas9 to fulfill its promise as a flexible research 

tool with various clinical applications. 

 

Keywords: MSssI DNA methyltransferase, epigenome editing, CRISPR/dCas9, gene 

reprogramming 
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Introduction 

Epigenetic mechanisms can control gene expression by writing or erasing DNA methylation, 

and modifications of histones [1‒3]. Despite many cases demonstrating the association 

between DNA methylation and gene repression, no straightforward technology was available 

to directly assess the causal relationships between epigenetic marks and gene expression, 

until recently. Nowadays, various epigenetic editing technologies are widely exploited and 

have demonstrated causal roles for different epigenetic modifications in the regulation of 

gene expression [4‒8]. 

The introduction of the nuclease inactivated CRISPR/dCas9 system, which allows 

enzymatic modulation of histones or DNA at predetermined genomic loci, has tremendously 

speeded up studying epigenetic regulation of gene expression [9‒11]. Various in vivo 

applications have recently been reported using CRISPR/dCas9-based approaches, which 

resulted in therapeutic effects by increasing endogenous gene expression [12‒15]. KRAB is 

generally used as effector domain for silencing gene expression [16, 17]. Although its effects 

are thought to be transient, delivery of dCas9-KRAB constructs using episomally maintained 

viruses (e.g., adeno-associated viral) resulted in sustained in vivo gene silencing [7]. Recently, 

an improved dCas9 repressor fused to both a methyl binding protein (MeCP2) and the KRAB 

domain was described, although the stability of repression remains to be addressed [18]. 

Epigenetic editing has the potential to develop into clinically relevant one-and-done 

approaches, where patients are treated once, after which the modified epigenetic marks are 

remembered and maintained on the target gene.Due to the mitotic stability provided by the 

action of endogenous DNA methylation maintenance enzymes, targeted DNA methylation 

has the potential to induce sustained gene silencing [19‒22]. Indeed, in the last few years, 

many studies reported that several methyltransferases (MTase) coupled to gene targeting 

platforms could effectively induce DNA methylation of the targeted promoter region of 

endogenous genes [19, 23‒26]. The effect of the induced methylation can be sustained as was 

shown for the RASSF1 and CDKN2A gene promoters in a primary myoepithelial cell line 

[22]. Interestingly, methylation on the promoters of two other genes (HIC1 and PTEN) was 

not maintained [22]. Most likely a combination of different repressors is needed to achieve 

long-term silencing of most endogenous genes as reported for the combination of KRAB, 

DNMT3A and DNMT3L [27]. Also, altering the DNA methylation on the CXCR4 and CCR5 

promoters in T lymphocytes induced stable gene silencing for up to 65 days, but only when 

DNA methylation was co-targeted with KRAB [28]. Again, these observations cannot be 

generalized as a combination of DNMT3A in fusion with dCas9, overexpression of DNMT3L 

and KRAB-dCas9 induced silencing of the HER2 gene, but the effect was no longer 
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detectable at day 14 [29]. Silencing by DNA methylation, which was considered to be one of 

the most stable silencing signals [21], might not be such a straightforward task [30].  

Despite promises, several critical questions need to be explored before targeted DNA 

methylation can be considered as a general silencing tool. In this respect, we also need to 

understand the basic mechanisms of on-target versus off-target methylation [30‒32], which 

are not only dependent on the specificity of dCas9 binding profile, but also on the specificity 

and efficiency of the MTase where higher activity can cause increased off-target methylation. 

On the other hand, increasing the MTase specificity by restricting its targeting to only a few 

CpG sites [33] might be too limited to induce (sustained) repression of the targeted gene.  

In the present work, we tested several experimental strategies towards achieving 

sustained silencing of an endogenous gene and facilitating its readouts. The approaches 

included the use of DNA methyltransferase variants, MS2-mediated recruitment of additional 

effector domains to the same genomic (by using a sgRNA tetraloop and/or stem-loop that 

recruits EDs coupled to dCas9 as well as ED coupled to dimerized MS2 bacteriophage coat 

proteins) [34], and fusing fluorescent tags to the effector domains to facilitate selection of 

transfected cells by fluorescent cell sorting. Moreover, we constructed stable cell lines to 

address sustained gene expression changes [35]. 

As a model, we used the UCHL1 gene (Ubiquitin Carboxyl-Terminal Hydrolase L1), 

which is a member of the ubiquitin C-terminal hydrolase (UCH) family, and as such regulates 

ubiquitin modification. UCHL1 is mainly known for its roles in neuronal differentiation, 

synaptic functions, and contextual memory [36, 37]. Interestingly, UCHL1 is frequently 

repressed by aberrant DNA methylation in certain carcinomas (esophageal, gastric, renal, 

prostate, head and neck squamous cell carcinoma, hepatocellular, ovarian, nasopharyngeal 

and colorectal cancer), whereas it is highly expressed in other malignancies (breast cancer, 

cutaneous squamous cell cancer, parathyroid carcinoma, melanoma, and osteosarcoma) [38]. 

In this paper, we describe efforts to up- and downregulate the endogenous gene expression of 

UCHL1 in the lung context, and also test approaches towards sustained silencing UCHL1 

through targeted DNA methylation.  
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Materials and Methods 

Cell Culture 

Human embryonic kidney cells (HEK293T, ATCC CRL-3216) and the breast cancer cells 

(MCF-7, ATCC HTB-22) were cultured in DMEM (BioWhittaker, Belgium). Human lung 

cancer cells (H1299, ATCC CRL-5803) and human bronchial epithelial cells (BEAS-2B, 

ATCC CRL-9609) were cultured in RPMI (Gibco, UK). The human bronchial epithelial cells 

16HBE were cultured in Eagle Minimum Essential Medium (EMEM, Lonza, BioWhittaker, 

USA) on plates which coated with 10 µg /ml BSA and 33 µg /ml CollagenⅠas previously 

described [39]. All culture media were supplemented with 10% fetal bovine serum (FBS, 

Sigma, France), 2 mM L-glutamine (Lonza, BioWhittaker, Belgium) and 1% 

penicillin-streptomycin (Gibco, Grand Island, USA). Cells were cultured in a humidified 

atmosphere at 37℃ supplemented with 5% CO2. All cell lines have been tested for 

mycoplasma contamination. 

Plasmids       

Plasmid MLM3636 was used to express single-guide RNAs in mammalian cells. MLM3636 

was a kind gift from Keith Joung (Addgene plasmid # 43860). Plasmid pMLM2.0 was 

constructed from MLM3636 by replacing the sgRNA expression cassette with the sgRNA2.0 

expression cassette of the plasmid lenti sgRNA (MS2)_zeo backbone [40]. The plasmid 

lentiviral sgRNA (MS2)_zeo backbone was a kind gift from Feng Zhang (Addgene plasmid # 

61427). Single-guide RNAs were designed by the bioinformatic tool CRISPR Design 

(http://crispr.mit.edu/). Complementary oligonucleotides containing the target sites are listed 

in Supplementary Table 1.  

To express the dCas9-MSssI (Q147L) and the dCas9-MSssI (E186A) fusion proteins in 

mammalian cells, the Q147L and the E186A MSssI alleles were cloned in pdCas9-NED (No 

effector domain) [35] (Addgene #109358). Plasmids pM-dCas9-MSssI (Q147L)-P2A 

-mCherry and pM-dCas9-MSssI (E186A)-P2A-mCherry expressing the respective 

dCas9-MSssI variants C-terminally fused to the self-cleavable P2A-mCherry peptide were 

constructed using the P2A-mCherry coding sequence from the plasmid  pSYC-187 [41]. 

Plasmid SYC-187 was a kind gift from Seok-Yong Choi (Addgene plasmid # 74794). 

The plasmid pMS2-P65-HSF1-HygroR expresses in mammalian cells, the 

MS2-P65-HSF1 fusion protein consisting of the MS2 protein and an activator helper complex. 

It was constructed by transferring the EF1α promoter and the MS2-P65-HSF1-T2A-HygR 

genes from the plasmid lenti MS2-P65-HSF1_Hygro into the backbone of pMLM3705. The 

http://crispr.mit.edu/
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plasmid lenti MS2-P65-HSF1_Hygro was a gift from Feng Zhang (Addgene plasmid # 61426) 

[33]. The plasmid pMS2-NED-HygroR is a vector used to create fusions between the MS2 

protein and effector domains. It was constructed from pMS2-P65-HSF1-HygroR by deleting 

the P65-HSF1 gene. The self-cleaving 2A-Hygro peptide facilitates enrichment of transfected 

cells. Details of plasmid construction are described in Supplementary Material. 

Transfection 

Unless stated otherwise, 1.5×105 cells were seeded to 12-well plates and transfected with 

pMLM2.0 plasmids expressing the respective sgRNA (0.6 µg in total) and pMdCas9-ED 

plasmids expressing the chimeric dCas9- Effector Domain (dCas9-ED) protein (0.6 µg), using 

PEI transfection reagent (#23966, Polysciences, Inc.). For each experiment, the total amount of 

plasmid DNA added was the same for controls and for test conditions. Cells were harvested at 

day 2 post transfection for short-term effects, and collected at day 12 post transfection for 

long-term effect measurements, unless stated otherwise. Stable cell lines were transfected with 

1 µg sgRNA or an sgRNA empty vector, called pMLM2.0. Cells were harvested at day 2 post 

transfection for mRNA measurements (90%) or subcultured (10%) and harvested at day 12 

post transfection. For hygromycin selection, the transfected stable cells were treated with 500 

µg /ml hygromycin for another 4 days. 

Generation of BEAS-2B and MCF-7 Stable Cell Lines 

HEK293T cells were co-transfected with the lentivirus packaging vector pCMV-ΔR8.91 

(gag-pol 2nd generation packaging plasmid) along with pCMV-VSV.G (envelope plasmid) and 

pHAGE EF1α-dCas9-VP64 (a tetramer of the viral VP16 transcriptional activator), a gift from 

Rene Maehr & Scot Wolfe (Addgene plasmid # 50918) [35] using PEI. Virus-containing 

supernatant was collected at 48 h and 72 h after transfection, supplemented with 10% FBS and 

10 µg /ml polybrene (Sigma, USA), and used to transduce BEAS-2B or MCF-7 cells. Two days 

after transduction, cells were selected with 8 µg /ml puromycin for one week. Subsequently, 

the resulting stable cell lines were cultured in 1 µg /ml puromycin-supplemented medium.  

Fluorescence Activated Cell Sorting (FACS) 

For FACS, 5 ×105 cells were seeded onto 6-well plates for BEAS-2B and H1299 and 1×106 for 

HEK293T cells. 24h later, pooled sgRNAs (total 1 µg) and dCas9-ED fused with or without 

mCherry tag (total 2 µg) were transfected. For GFP sorting, BEAS-2B or H1299 cells were 

transiently co-transfected with pooled sgRNAs (total 1 µg), 1 µg GFP expressing plasmid, 

and 1 µg dCas9-NED or dCas9-VP64. For mCherry/GFP-based enrichment, cells were 

harvested 60 h post transfection by trypsinization, and cell pellets were resuspended with 

DPBS containing 2% FBS after centrifugation. Positively transfected cells were collected by 
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FACS using a SH800S cell sorter (Sony Biotechnology) according to the manufacturer’s 

instruction. All transfections were performed in at least 3 independent biological replicates. 

Quantitative RT-PCR (qRT-PCR) 

Total RNA and genomic DNA were isolated simultaneously from transfected cells using 

TRIzolTM reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol. cDNA 

was synthesized with random hexamer primers using the Revertaid cDNA synthesis kit 

(Thermo Scientific Inc.). Expression of UCHL1, dCas9 and GAPDH genes were quantified 

using an ABI ViiA7 real-time PCR system (Applied Biosystems, USA) with ABsolute qPCR 

SYBR Green (Thermo Scientific, Inc.) and gene-specific primers (Suppl.Table 2). Three 

technical replicates of real-time PCR were done for each biological repeat. Fold changes in 

mRNA expression relative to control (untreated cells, empty vector or dCas9-NED transfected 

cells) were calculated by the cycle threshold (ΔΔCt) method after normalization to GAPDH 

expression. 

Bisulfite Conversion and Pyrosequencing 

For DNA methylation analysis of the target regions, genomic DNA (gDNA) was extracted with 

TRIzol and 500 ng of gDNA was bisulfite converted with the EZ DNA Methylation-Gold kit 

(Zymo Research, USA) following manufacturer’s instructions. Bisulfite converted DNA was 

amplified by PCR using Pyromark PCR kit (Qiagen, Germany) with gene-specific primers 

(Suppl. Table 2). Pyrosequencing was performed with a specific sequencing primer (Suppl. 

Table 2) on Pyromark Q24 MD pyrosequencer (Qiagen, Germany) following manufacturer’s 

protocols. The percentage of methylation at specific CpG sites was analyzed using the 

Pyromark Q24 Software (Qiagen, Germany). 

Statistics 

Unpaired, two-tailed t-tests and one-way ANOVA were performed using the GraphPad Prism 

6.01 software (GraphPad Software). All experiments were performed in at least three 

biological replicates, unless stated otherwise. Data were considered to be statistically 

significant if p< 0.05. 
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Results 

Screening for effective sgRNAs to target UCHL1 for regulation of gene expression.  

To target effector domains such as MSssI variants to our reporter gene UCHL1, first ten 

sgRNAs (sgRNA#1 to sgRNA#10) were designed (Figure 1A). Various sgRNA combinations 

were screened for effective upregulation by co-transfecting with a plasmid encoding 

dCas9-VP64 (Suppl. Figure 1A) in BEAS-2B cells, which shows relatively low expression of 

UCHL1 (Figure 1B). In focused sets of experiments, a 3.5-fold upregulation was achieved for 

the combination of sgRNA#(1‒5) in BEAS-2B cells (p< 0.0001, Figure 1C), which targets 

1.3 kb to 500 bp upstream of the TSS (Figure 1A). No induction was obtained for sgRNA#8, 

targeting the TSS, nor individually or in combination with other TSS-targeting sgRNA#6 and 

sgRNA#7. In a separate set of experiments, the combination of sgRNA#(4‒6) (4.8-fold 

induction) performed at least equally well in inducing gene expression as sgRNA#(1‒5) 

(Figure 1C). Consistently, the upregulatory effect of UCHL1 by sgRNA#(4‒6) was confirmed 

in a another human lung bronchial epithelial cell line (16HBE, Figure 1D). 

To fully exploit the versatility of the CRISPR system as a technology to achieve up as 

well as downregulation of a gene of interest, we also screened for sets of effective sgRNAs to 

be used for SKD-induced UCHL1 repression (Suppl. Figure 1A). Although sgRNA#(4‒6) 

and to a lesser extend sgRNA#(1-5) could induce expression upon targeting of VP64, no clear 

repression of UCHL1 could be achieved by targeting SKD with the same sgRNAs (Suppl. 

Figure 1A). Nevertheless, two sets were chosen to investigate technical improvements: 

sgRNA#(1‒3) that target UCHL1 upstream of the TSS and sgRNA#(8‒10), designed to target 

downstream sequences of the TSS, which are expected to result in effective repression. 

However, no repression was achieved for sgRNA#(1‒3) or sgRNA#(8‒10) upon transient 

cotransfection with dCas9-SKD in BEAS-2B cells (Suppl. Figure 1B), also not for other 

combinations (Suppl. Figure 1A). Similar results were obtained with HEK293T cells (Suppl. 

Figure 1C).  
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Figure 1. sgRNA screenings to induce upregulation of UCHL1. (A). Schematic representation of the UCHL1 

promoter. The orange highlighted part in the upper panel shows the DNase hypersensitive region flanking the 

TSS of the UCHL1 gene, including a CpG island. The 20 sgRNAs designed around the TSS site are indicated in 

the lower panel. Primers to assess messenger RNA (mRNA) expression by qRT-PCR and DNA methylation 

status by pyrosequencing are shown. (B). The expression of UCHL1 in cell lines. qRT-PCR was employed to 

assess the mRNA expression of UCHL1 in different cell lines. (C, D). Induction of UCHL1 expression. 

BEAS-2B (C) and 16HBE (D) cells were transiently co-transfected with a total of 0.6 µg of the indicated 

sgRNAs and 0.6 µg dCas9-NED (dCas9 with No Effector Domain) or dCas9-VP64 (a tetramer of the viral 

VP16 transcriptional activator). Cells were harvested for RNA isolation at day 2 post transfection. Fold change 

of UCHL1 mRNA expression was normalized to dCas9-NED co-expressed with the respective sgRNAs (only 

shown for sgRNA#(1‒5)). (E). Induction of UCHL1 expression in stable cells. 1 µg of plasmids expressing 

sgRNA#(4‒6) or the negative control vector (pMLM.2.0) were transfected into BEAS-2B cells, stably 

expressing dCas9-VP64. mRNA expression of UCHL1 was measured at day 2 post transfection. Statistical 

significance was determined using One-way ANOVA. 
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Optimization of CRISPR tools for up- and downregulation of UCHL1.  

To circumvent the effect of low transfection efficiency  of the large dCas9 plasmid, stable 

cells were created to express dCas9-VP64. Indeed, dCas9 expression was 100 times higher in 

stable cells compared to transiently transfected cells (Suppl. Figure 2A). Despite the high 

dCas9 expression, sgRNA#(4‒6) upregulated UCHL1 expression only by 5.1-fold (ranging 

from 3.6 to 7.9 fold; Figure 1E). No other combination of sgRNAs convincingly 

outperformed the effect of sgRNA#(4‒6) in MCF-7 stably expressing dCas9-VP64 cells 

(Suppl. Figure 2B). Unfortunately, the stable cells did not allow for a consistent higher 

induction of UCHL1, despite the higher amount of sgRNA transfected. Likewise, we 

constructed stable BEAS-2B cells expressing various epigenetic effector domains with 

repressive effects and transiently transfected these cells with sgRNA#(1‒6) (Suppl. Figure 

2C). Compared to dCas9-NED-expressing cells, UCHL1 was again upregulated by 4.5-fold 

in dCas9-VP64 expressing cells, while no substantial downregulation was achieved for the 

repressive dCas9-ED.  

Next, we tried to improve UCHL1 induction by MS2-mediated co-targeting of different 

effectors [34]. To confirm compatibility of our sgRNAs with the MS2 system, stable 

BEAS-2B cells were transfected with sgRNA#(4‒6): Compared to MS2-NED, 

MS2-p65-HSF induced a 3.8-fold upregulation of UCHL1 in the dCas9-NED cells, 

confirming effective MS2 binding to sgRNAs (p=0.0044, Figure 2A). For the dCas-VP64 

cells, however, co-expressing MS2-p65-HSF did not further improve the induction of 

UCHL1 expression (Figure 2A, left panel). Neither increasing the relative amount of the 

MS2-effector plasmids, increasing incubation time (to day 6), nor selection of transfected 

cells using hygromycin (Figure 2A, right panel) could consistently improve the induction of 

UCHL1 expression. 

As an alternative to antibiotic resistance selection, sorting based on fluorescence (tags or 

co-transfection of reporter plasmids) can also be exploited to increase the reliability of the 

readouts. Towards this end, BEAS-2B cells were transiently co-transfected with 

dCas9-NED-mCherry or a GFP reporter plasmid and sorting was performed to enrich the 

transfected cells (Figure 2B, upper panels). Although dCas9-NED is likely to compete with 

dCas9-VP64 for binding to the UCHL1 promoter, no clear prevention of upregulation was 

observed in bulk cells (2.8-fold induction when co-transfected with GFP versus 2.2-fold 

when co-transfected with dCas9-NED). Upon sorting, the upregulation effect was clearly 
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increased: for dCas9-VP64, a 17-fold induction was observed when co-transfected and sorted 

for mCherry. When co-transfected with a separate GFP plasmid, sorting resulted only in a 

7.2-fold induction in UCHL1 expression in GFP positive cells, even though these cells 

showed the highest increase in the bulk population. Also for a lung epithelial cancer cell line 

(H1299), similar upregulation was achieved for bulk cells (Figure 2B, lower panels), 

although upon sorting, the improvement on detecting UCHL1 upregulation was more modest 

(ca 5.8-fold for mCherry-positive cells and 2.2-fold for GFP-positive cells) (Figure 2B, lower 

panels). 

 

CRISPR DNA methyltransferase tools for downregulation of UCHL1.  

As UCHL1 is frequently repressed by aberrant DNA methylation in a range of carcinomas, 

we wondered whether DNA methyltransferase might result in efficient and sustained 

downregulation of UCHL1, as reported for other genes in previous studies [22, 27]. To 

construct CG-specific targetable DNA MTases, targeted DNA methylation by dCas9-MSssI 

was first tested in E. coli. Variants of MSssI, including wild-type and mutants C141S, Q147L, 

E186A and T313H, were N-terminally fused to the dCas9 protein (Suppl. Figure 3A-C). The 

C141S and T313H mutants were previously shown to have very low MTase activity, whereas 

the E186A mutant was inactive [42, 43]. The Q147L and T313H mutants were selected 

because of their elevated kinase domain to DNA [43]. We hypothesized that reduced DNA 

binding affinity of these MSssI mutants would decrease off-target methylation. The plasmids 

pB-dCas9-MSssI (WT or mutant) and pOK-CRISPR-t were co-transformed into E. coli 

DH10B. Plasmid DNA prepared from arabinose-induced or uninduced cells was digested 

with Hin6I and Psp1406I (Suppl. Figure 4). CG-specific C5-methylation is known to block 

Hin6I and Psp1406I cleavage (Kazlauskiene et al. cited in REBASE [44]). Hin6I digestion of 

plasmid DNAs purified from arabinose-induced overnight cultures showed that dCas9-MSssI 

(WT) and dCas9-MSssI (Q147L) were highly active, whereas the C141S and the 

AK280-T313H variants did not have detectable MTase activity (Suppl. Figure 5A-B). No 

difference was detected between the digestion patterns of the T313H and the AK280-T313H 

variants indicating that the Glu-Gly-Gly-Gly-Ser-Gly linker inserted between the dCas9 and 

the MSssI domains had no effect on the activity of the chimeric enzyme. As expected, the 

dCas9-MSssI (E186A) variant was inactive (data not shown). Shorter electrophoretic runs of 

the Q147L and T313H digests detected two other partially digested Psp1406I fragments, 
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which had lengths of slightly larger than 1 and 3 kb, respectively (marked by asterisks in 

Suppl. Figure 5C). The smaller fragment indicated partial protection of site B, whereas the 

appearance of the larger protected fragment was the result of protection of site D. Taking into 

account the similar band intensities and the three fold size difference between the two 

fragments, we can conclude that site B was protected to a higher extent than site D. The very 

faint partially digested fragment of ~1.5 kb on Suppl. Figure 5C indicates partial protection of 

site B as well as of site C, resulting in the protected fragment of 1555 bp. Collectively, these 

data show that dCas9-MSssI (Q147L), dCas9-MSssI (T313H) and dCas9-AK280 (T313H) 

bind to the sequence 7728–7747 bp and preferentially methylate the closely located sites A 

and B, but less frequently methylate more distantly located sites within an, at least, 1.5 kb 

region. We further used dCas9-Q147L variant for the following experiments because of its 

higher Mtase activity. 

Next, the variants of DNA methyltransferase were tested in mammalian cells for targeted 

downregulation of UCHL1. To build on the observed improvement of readout by sorting cells, 

various MSssI variants fused to mCherry were constructed. HEK293T (Figure 3A) and 

H1299 (Figure 3B) cells were co-transfected with plasmids transiently expressing 

dCas9-NED-mCherry, dCas9-MSssI (E186A)-mCherry, dCas9-MSssI (Q147L)-mCherry or 

combination of dCas9-MSssI (Q147L)-mCherry and dCas9-SKD (without mCherry) and 

with combinations of plasmids expressing the UCHL1 sgRNA#(1‒3). No difference in 

UCHL1 gene expression levels was observed at day 2 after transfection in the bulk 

population for either effector domain (combination) (Figure 3A, left panel). However, in the 

HEK293T sorted population, a 40% decrease of gene expression was observed for the 

combination of dCas9-MSssI (Q147L) and dCas9-SKD, compared to the dCas9-NED control. 

This decrease in gene expression was not observed for cells expressing only dCas9-MSssI 

(Q147L) in the sorted population (Figure 3A, middle panel). Next, we analyzed the sustained 

effect of the effectors in the sorted population at day 12 post transfection. Again, no effect of 

MSssI (Q147L) was detected, but the repressive effect was sustained, albeit less pronounced, 

for the combination of MSssI (Q147L) and SKD (Figure 3A, right panel). In the bulk 

population of H1299, the targeting of a larger effector domain to the gene seemed to affect 

the gene expression, as the dCas9-MSssI (E186A) variant (around 1.2 kb in size) repressed 

expression to 80%, while dCas9-SKD (0.2 kb) did not result in repression. Sorting of the 

mCherry positive H1299 cells, did not result in an increased repression of UCHL1. Upon 

long-term culturing of the sorted cells, gene expression levels of dCas9-MSssI (E186A) 
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treated cells went back to the expression level of dCas9-NED treated cells (Figure 3B). Also, 

no repression was observed after sorting or after subculturing of the sorted H1299 population 

for dCas9-MSssI (Q147L) with or without dCas9-SKD.   

To determine the methylation status of UCHL1 promoter region after treatment with 

dCas9-MSssI (Q147L), pyrosequencing was performed for the region around the TSS in both 

the HEK293T and H1299 sorted populations. A significant increase in methylation was 

observed at day 2 post transfection of  dCas9-MSssI (Q147L) at specific CpG sites (site #4 

and site #5): up to 70% at site #4 (11 bp upstream of TSS) for HEK293T and up to 60% at 

site #5 (5 bp upstream of TSS) for H1299 (Figure 3C), even though no gene repression was 

observed in H1299 cells. This indicates that although methylation was induced at the TSS, 

which is at a 1 kb distance from the targeted site, no subsequent effect on gene expression 

was observed for this given gene in these tested cells. The DNA methylation induced by 

MSssI (Q147L) decreased to 6.3% at site #4 for HEK293T and to 4.3% at site #5 for H1299 

after 12 days, indicating that the induced DNA methylation was not sustained, even though 

repression of UCHL1 was still present in HEK293T cells. 

In addition, to targeted DNA methylation at TSS, sgRNA#(6/9/11/14), ranging from 337 

bp upstream and 368 bp downstream of TSS, were cotransfected with dCas9-MSssI and SKD 

into H1299 and 293T cells. Notably, 30% repression of UCHL1 expression was obtained by 

the combination of dCas9-MSssI (E186A) and dCas9-SKD both in H1299 and HEK293T 

cells (Figure 4A, 4B), moreover, cotransfection of dCas9-MSssI (Q147L) and dCas9-SKD 

further suppressed UCHL1 expression to around 50%. 
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Figure 2. Optimization of VP64-induced upregulation of UCHL1. (A) MS2 system in stable BEAS-2B cells. 

BEAS-2B cells stably expressing dCas9-NED or dCas9-VP64 were transfected to express sgRNA#(4‒6) and 

MS2-NED or MS2-p65-HSF (in a 1:1 ratio, each 0.6 µg) (left panel). The right panel demonstrates the effect of 

a 2:1 ratio of MS2-p65-HSF and sgRNA#(4‒6) (co-transfection of 0.8 µg MS2-p65-HSF and 0.4 µg 

sgRNA#(4‒6) and others were transfected with a 1:1 ratio as indicated . At 48h post-transfection, cells were 

treated with or without 500 µg /ml hygromycin for another 4 days to select for positively transfected cells. (B). 

Selection based on fluorescence. BEAS-2B (upper panel) or H1299 (lower panel) cells were transiently 

co-transfected with 1 µg sgRNA#(4‒6), 1 µg dCas9-mCherry-NED or GFP plasmid, and 1 µg dCas9-NED or 

dCas9-VP64. For mCherry/GFP-based enrichment, cells were collected 60 h post transfection and 

dCas9-mCherry-NED or GFP expressing cells were sorted by FACS. Circles, triangles, diamonds and squares 

represent independent repeats. Statistical significance was determined using two tailed t-test. 
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Figure 3. DNA methyltransferase tools to downregulate UCHL1. (A, B). HEK293T (A) and H1299 (B) cells 

were cotransfected with 1 µg UCHL1 sgRNA#(1-3) and 2 µg (in total) dCas9-ED(s). For mCherry-based 

enrichment, cells were collected 60 h after transfection and dCas9-mCherry-ED expressing cells were sorted by 

FACS. Half of the sorted cells were harvested for short-term (day 2) expression measurements and the 

remaining cells were seeded in 24-well plates for long-term expression (day 12 for HEK293T, day 16 for 

H1299). Left panel indicates the mRNA expression of UCHL1 in Bulk cells, middle and right panel indicate the 

expression in mCherry-expressing cells upon day 2 and day 12 post transfection, respectively. (C). same as (A, 

B), genomic DNA at day 2 (left panel) and day 12/16 (right panel) was isolated from HEK293T or H1299 sorted 

cells, simultaneously with total RNA isolation, and used for pyrosequencing. dCas9-MSssI (E186A)-mCherry 

(inactive mutant); dCas9-MSssI (Q147L)-mCherry (active mutant). 

 

 

Figure 4. Targeted DNA methylation by dCas9-MSssI at TSS. (A-B). H1299 (A) and HEK293T (B) cells 

were cotransfected with 1 µg UCHL1 sgRNA#(6/9/11/14) and 2 µg (in total) dCas9-ED (1 µg each). Cells were 

collected 60 h after transfection and dCas9-mCherry-ED expressing cells were sorted by FACS for 

mCherry-based enrichment. Half of the sorted cells were harvested for short-term (day 2) expression 

measurements and the remaining cells were seeded in 24-well plates for long-term expression (day 12). 

Statistical significance was determined using two tailed t-test. 
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Discussion 

To use the bidirectional modulation platform CRISPR/dCas9 to ultimately address the 

biological function of one gene and to make it a widely-used research tool of molecular 

biology, we set out to up- and downregulate UCHL1 expression as a model. In this study, we 

tested different approaches to modulate the expression of the endogenous gene UCHL1 and 

to increase the reliability of the readout for experiments analyzing the effects of targeted 

DNA methylation. For upregulation, by targeting VP64 to UCHL1, we could not improve on 

the initial 5-fold induction by designing and combining other sgRNAs. As the sgRNA design 

software does not take into account the different chromatin contexts in different cell models, 

the sgRNA design rules could likely be improved via more systematic screening efforts [45]. 

To easily test several combinations of effectors, we incorporated the MS2 system [34], which 

has been reported to result in significant improvement by combining VP64 with p65/HSF1. 

In our two cell lines, however, MS2-targeting of p65-HSF1 did not improve the 

VP64-induction of UCHL1 expression even though the MS2-tagged p65-HSF1 did induce 

gene expression up to 4-fold in the stable dCas9-NED cell line. Although a subsequent 

hygromycin selection of the transfected cells resulted in an overall doubling of UCHL1 

expression, the effect was not robust and required an additional time period to select cells. On 

the other hand, the sorting procedure utilizing the indirect dCas9-mCherry fusions, resulted in 

a recovered cell population displaying a 6- and 15-fold induced UCHL1 expression for 

H1299 and BEAS-2B, respectively, compared to the 2.2- and 2.8-fold increase observed in 

bulk cells, respectively. For DNA methylation targeted repression, we mainly addressed two 

problems: extent and sustainability of the induced methylation.  In our study, the Q147L 

variant of MSssI induced DNA methylation at the transcription start site of UCHL1 upon 

sorting. Nevertheless, a slight repression of UCHL1 expression was only observed for 

co-targeting with SKD.  

Targeted DNA methylation was pioneered two decades ago when the CG-specific 

prokaryotic DNA MTase MSssI fused to a sequence specific DNA-binding zinc finger protein 

was shown to preferentially methylate CG sites located in the vicinity of the zinc finger 

protein binding site in vitro [46]. Follow up studies tested the potential of new programmable 

DNA methylation tools on different genes using new DNA targeting devices such as Triplex 

Forming Oligonucleotides [47], TALE domains [48], and recently CRISPR/dCas9 [49]. 

Although the concept of targeted DNA methylation rests on a relatively simple principle, i.e., 
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on directing a CG-specific DNA methyltransferase, by a linked targeting domain to a 

predetermined genomic site, several problems have been identified that need to be solved 

before targeted DNA methylation can become a standard research tool in molecular biology. 

These problems include the low level of DNA methylation achieved at the targeted site, the 

specificity of targeted methylation (on-target vs. off-target effects) and sustainability of the 

induced methylation [24]. In this study, we elaborated on these issues and found that efficient 

methylation can be induced 1 kb downstream of the sgRNA targeted sites, although no 

repression of gene expression was achieved. 

Most epigenetic editing studies used mammalian DNA MTases [24, 50], which have a 

rather low catalytic activity requiring a longer time to achieve a significant level of DNA 

methylation at the targeted site [26, 49]. Although the kinetics of DNMT3A-catalyzed 

targeted DNA methylation could be improved by fusing DNMT3A to DNMT3L [25] and by 

recruiting multiple copies of DNMT3A to the same genomic locus [51], exploring the use of 

other DNA methyltransferases characterized by faster kinetics is justified. A direct 

comparison of dCas9-MSssI (Q147L) and dCas9-DNMT3A demonstrated that although the 

kinetics of MSssI are rapid (peak at day 1), the region of methylation was limited to 30 bp 

compared to 150 bp for DNMT3A [49]. Whether such a narrow-range of methylation 

induction is sufficient to induce gene repression cannot be concluded as for HOXA5 targeting, 

the catalytically inactive variant resulted in the same inhibition of gene expression as the 

active enzyme, which could point to repression by steric hindrance [51]. In our study, 

methylation induced by MSssI (Q147L) was found to be 1 kb downstream of the sgRNA 

binding site. Despite efficient methylation at sites #4 and #5 (11 and 5 bps upstream of the 

TSS), no effect on gene expression was observed, also not after sorting, in the two cell lines 

tested. The CpG sites are located in a region where methylation is generally associated with 

UCHL1 repression [52] (Suppl. Table 3), in which a limited DNA methylation induction (not 

covering the CGI) might be insufficient to trigger gene silencing, as observed for CDKN2A 

expression [53]. For HEK293T, however, the co-transfection of targeted MSssI and SKD was 

found to inhibit gene expression, which was also detectable after 12 days. The synergy 

between SKD and DNA methyltransferases in reprogramming gene expression is in line with 

other reports [22, 27]. 

Our results also indicate that efficient delivery is essential in achieving effective 

epigenetic editing. In that respect, cell lines stably expressing dCas9-fusions [35, 54, 55] are 

expected to improve first screening approaches as dCas9-ED transgenes, which are stably 
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integrated in stable cell lines, are relatively large preventing efficient delivery using transient 

transfections. Since sgRNAs can subsequently be delivered transiently, experimental 

strategies using stable dCas9-expressing cells might be more suitable for studies addressing 

the sustainability of epigenetic editing approaches than strategies using transient expression. 

In our studies, however, the stable expression of dCas9-fusions did not seem to overcome the 

delivery problem of sgRNAs as no improvement in modulation of gene expression was 

achieved in stable cell lines. Although we here aimed for a non-viral efficient readout 

laboratory system, viruses have been used by us and others to effectively express epigenetic 

editors. For clinical applications, despite a difficult start, viral vectors (Adeno Associated 

Viruses and Lentiviruses) are reaching widespread acceptance [56]. Together with the 

developments in the gene targeting field [57], the technology of gene therapy seems revived 

and the first in-human AAV gene targeting clinical trial has been initiated [58]. Reports on 

preclinical therapeutic effects upon viral delivery of epigenetic editors, ongoing 

improvements [59] together with an improved understanding of the underlying biology, open 

up avenues allowing dCas9 targeted methylation to fulfill its promise to silence genes, also in 

a therapeutic setting. 
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Supplemental figures 

 

Suppl. Figure 1. sgRNA screening for the up- and down-regulation of UCHL1. (A). Relative UCHL1 

mRNA expression in BEAS-2B cell line. BEAS-2B cells were transiently co-transfected with 0.6 µg UCHL1 

sgRNA mix with 0.6 µg dCas9-NED or dCas9-ED. Cells were harvested at day 2 post transfection for mRNA 

expression measurement. (B, C). Targeting dCas9-SKD to modulate the expression of UCHL1. BEAS-2B (B) 

and HEK293T (C) cells were transiently co-transfected with 0.6 µg UCHL1 sgRNA mix with 0.6 µg 

dCas9-NED or dCas9-SKD. Cells were harvested day 2 post transfection for mRNA expression detection. 

UCHL1 mRNA expression was normalized to dCas9-NED as indicated. SKD, super KRAB (the human-derived 

Krupple-associated box) domain. 

 

Suppl. Figure 2. Optimization for modulation of UCHL1. (A). dCas9 expression in transfected BEAS-2B 

cells and in BEAS-2B-dCas9-VP64 stable cell line. dCas9 mRNA expression was assessed by qRT-PCR. dCas9 

expression was normalized to the internal control GAPDH. (B). UCHL1 mRNA induction in MCF-7-dCas9- 

VP64 stable cell line. Negative control vector (pMLM2.0) or indicated different combinations of sgRNA were 

transfected into MCF-7 cells stably expressing dCas9-VP64, and mRNA expression of UCHL1 was measured at 

day 2 post transfection. (C). BEAS-2B stable dCas9-ED cells were transfected with 1 µg UCHL1 sgRNA#(1-6) 

or treated with transfection reagent (PEI) only and cells were harvested at day 2 (red circles, N=2) post 

transfection for mRNA expression detection. Fold change of UCHL1 mRNA expression was normalized to 

dCas9-NED as indicated. G9a and G9a mut, H3K9 methyltransferase and its mutant; Suv39h1, H3K9 

methyltransferase; CXC-SET and CXC-SETmut, H3K27 methyltransferase and its mutant. 
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Suppl. Figure 3. Cloning steps to obtain (A) pB-dCas9-MSssI (wild type), (B) its variants, (C) the guide RNA 

expressing plasmid. 

 

  

Suppl. Figure 4: Hin6I and Psp1406I restriction sites of pdCas9-MSssI. The plasmid contains 38 Hin6I and 5 

Psp1406I sites.  
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Suppl. Figure 5. Methyltransferase activity and methylation specificity of dCas9-MSssI variants in E. coli. 

Restriction protection assay. (A) Schematic map of the pB-dCas9-MSssI plasmid map showing positions of 

the Psp1406I sites. The fragment sizes are shown in the inside of the plasmid. The binding site of the 

gRNA-dCas9-MSssI complex is marked with a red arrow at fragment 2. (B) Hin6I and Psp1406I digestion of 

plasmids after overnight induction. M, 1kb gene ruler (Thermo Scientific). (C) Psp1406I digestion of 

pB-dCas9-MSssI (Q147L) and pB-dCas9-MSssI (T313H) after 3 h induction. The + signs indicate plasmids 

purified from arabinose-induced cells. Partially digested fragments arising due to methylation at sites B and D 

(see Panel A) are marked with asterisks.  

 

Suppl. Table 1 sgRNAs targeted to UCHL1 

 Target sequence 

UCHLA sgRNA#1 CTCTTGGAGCCCAGTTTAGC 

UCHLA sgRNA#2 GTCTCTTCACGGCTCCTCTA  

UCHLA sgRNA#3 CAGAAATACTTAGGTAGCGA  

UCHLA sgRNA#4 ACTCCCGCGGAAGAAATGGT  

UCHLA sgRNA#5 GTTAAGTCAGACCAGTACCG  

UCHLA sgRNA#6 CACTCGCCGGTGAGATAATC  

UCHLA sgRNA#7 TACCACTCCGCGCTGCGCAC  

UCHLA sgRNA#8 GCGCCCGGCAGAAATAGCCT  

UCHLA sgRNA#9 AACCGAACCGATCAGCGACT 

UCHLA sgRNA#10 GTGGCGTCTCGCGCCGTCTC  

UCHLA sgRNA#11 GACTCGAGCTTTAGAGTAAT 

UCHLA sgRNA#12 ACGGGGGGTTCGTACCCATC 

UCHLA sgRNA#13 AACAGCTAGCGGAGCCGCCC 

UCHLA sgRNA#14 ACTCTACGAAACCGGTCACG 

UCHLA sgRNA#15 ACTCGGCTGCACGGGCTTCG 

UCHLA sgRNA#16 GCTGTGTCATTGCGCCGGCC 

UCHLA sgRNA#17 CGCCGGCCAGTGGCGCTTCG 

UCHLA sgRNA#18 TTAACTGAAGCACCGTCCTA 

UCHLA sgRNA#19 GAGCAACCATGATGACTCGG 

UCHLA sgRNA#20 ATCAGATTTATCGAGCGCCT 
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Suppl. Table 2 Primers used in this study 

Primer Sequence (5’–3’) Application 

UCHL1-Fw TTCCTGTGGCACAATCGGAC qRT-PCR primer for UCHL1 

UCHL1-Rv CATCTACCCGACATTGGCCTT 

GAPDH-Fw CCACATCGCTCAGACACCAT qRT-PCR primer for GAPDH 

GAPDH-Rv GCGCCCAATACGACCAAAT 

dCas9-Fw AATGGCATCCGAGACAAGCA qRT-PCR primer for dCas9 

dCas9-Rv TGTGCTCGTGAAGACTGTCC 

UCHL1-pyro-Fw GGTTTTGTTTTTGTTTTTTTTGTATAGG PCR and sequencing primer for UCHL1 

pyrosequencing (lower cases reflect the 

universal primer, Y is the CpG sites tested, 

subscript number indicating the site) (Site #4 is 

SNP-rs577696101-C/G according to UCSC) 

UCHL1-pyro-Rv gggacaccgctgatcgtttaAATCTCCA-TCYACTT

AAACTACATCTTC 

Pyroseq-sequencing primer TTGTATAGGTTTTATAGTG 

Pyroseq-sequence to 

analyze 

Y1GTTTGGTY2GGY3GTTTTATAGTTGTAG

TTTGGGY4GGTTTY5GTTAGTTGTTTTTY6

GTTTTTTTTAGGTTATTTTTGTYGGGYGT

TTYGYGAAGATGTAGTTTAAGTYGATGG

AGATT 

Suppl. Table 3 Schematic representation of the CpG Island located in the promoter of UCHL1 and the 

regions assessed in literature which reported a negative association between methylation status of this region 

and UCHL1 expression. 

 

Regions Reference 

-262~204 [60] 

-242~30 [61, 62] 

-187~98 [63] 

-161-53 [64] 

-124~24 [65] 

-119~55 [66-70] 

-111~8 [65, 71-73] 

-45~70 [52, 69] 



Chapter 5 

 

140 
 

Supplementary Material 

Bacterial Strains and Growth Conditions 

E. coli DH10B (F − endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74 80dlacZΔM15 

araD139 Δ (ara leu)7697 mcrA Δ(mrr-hsdRMS-mcrBC) relA1 spoT1 λ−) was used as cloning 

host. Bacteria were grown in LB medium at 30 oC or 37oC. The antibiotics ampicillin (Ap) 

and kanamycin (Kn) were used at 100 and 50 μg/ml, respectively. L-arabinose (Sigma) was 

used at 0.1 %. 

Plasmid constructions 

To create fusion between dCas9 and MSssI, the dCas9 gene was PCR-amplified using the 

plasmid pdCas9 as a template. The plasmid pdCas9 [74] was a kind gift from Luciano 

Marraffini; (Addgene plasmid # 46569). The PCR fragment was cloned in a pBAD24-based 

plasmid upstream of the MSssI gene. The resulting plasmid (pB-dCas9-MSssI, ApR) 

expresses the dCas9-MSssI-His 6 fusion protein from the arabinose-inducible E. coli araBAD 

promoter of pBAD24. Variants of pdCas9-MSssI encoding chimeric MTases, in which the 

MSssI part was mutant (Q147L, T313H, C141S or E186A) were constructed by fragment 

replacement using MSssI mutants described previously [43]. The variant pB-dCas9-MSssI 

(AK280-T313H) was made by cloning a double-stranded oligonucleotide into the unique 

XhoI site of pB-dCas9-MSssI (T313H). The insertion introduced a Glu-Gly-Gly-Gly-Ser-Gly 

linker between the dCas9 and the MSssI domains.  

The plasmid pOK-CRISPR-t (KnR) contains the gene of the tracrRNA and a minimal 

CRISPR array in pOK12. The tracrRNA gene and the CRISPR array were transferred into 

pOK12 from pdCas9 and from pCRISPR, respectively. The plasmid pCRISPR [75] was a 

kind gift from Luciano Marraffini; (Addgene plasmid # 42875). Oligonucleotide duplexes 

containing the targeted sequence can be inserted between two BsaI sites of pOK-CRISPR-t.  

To create fusions between the nuclease inactive D10A, H840A double mutant dCas9 

protein and variants of the MSssI MTase, the gene encoding dCas9 was PCR-amplified using 

pdCas9 (Addgene #46569) as template and AK335 and AK336 as primers. AK335 

(5’-GCGTACGTGATAAGAAATACTCAATAGGC) contained a BsiWI whereas AK336 

(5’-GCTCGAGGTCACCTCCTAG) contained an XhoI site as 5’-extension (underlined). The 

PCR fragment was digested with BsiWI and XhoI, then cloned between the Acc65I and XhoI 

sites of pBHH-MSssI to create pB-dCas9-MSssI. The plasmid pBHH-MSssI (to be published 

later) encodes MSssI carrying His-tags at both termini. The Acc65I-XhoI double digestion 

deleted the N-terminal His-tag. Variants of dCas9-MSssI-His6 containing one of the 

substitutions Q147L, T313H, C141S or E186A were created by replacing the XbaI-PstI 

fragment of pB-dCas9-MSssI with the XbaI-PstI fragment of the plasmid carrying the 

respective mutation [43].  The variant pB-dCas9-MSssI (AK280-T313H) was made by 

cloning the double-stranded oligonucleotide AK280-AK281(5’-TCGAAGGCGGTGG- 

CAGCGGTC/5’-TCGAGACCGCTGCCACCGCC-T) into the unique XhoI site of 

pB-dCas9-MSssI (T313H).  
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The plasmid pOK-CRISPR-t (KnR) was constructed by cloning the gene of the tracrRNA 

and a minimal CRISPR array into pOK12 [76]. The gene of the tracrRNA was 

PCR-amplified from pdCas9 using the primers AK344 (5'-GAAGCTTGGTTAT 

GCCGGTACT) and AK345 (5'-GAAGCTTCTTATCCATTTTTGCCTCC). The primers 

contained HindIII sites (underlined) as 5’-extensions. The PCR product was digested with 

HindIII and inserted into the HindIII site of pOK12. The CRISPR array was transferred, on 

an NcoI-EcoRI fragment, from pCRISPR (Addgene #42875) into pOK12.   

Plasmids expressing C-terminally mCherry-tagged dCas9-MSssI (Q147L/E186A) in 

mammalian cells were constructed as follows: To create in-frame fusion between 

dCas9-MSssI and the P2A-mCherry-tag, the double-stranded oligonucleotide AK473-AK474 

(5’-CGCGCCCATATGTTAATTAACAATTAA/5’-CCGGTTAATTGTTAATTAACATATGG

G) was inserted between the SgsI (AscI) and BshTI (AgeI) restriction sites of pSYC-187 

(Addgene#74794). Insertion of AK473-AK474 preserved the flanking restriction sites, 

introduced a unique PacI site (underlined) and an in-frame stop codon. To abolish the stop 

codon, a short oligo-duplex (AK481-AK482, 5’-TAAGGTACCGA/5’-CCGGTCGGT- 

ACCTTAAT) was cloned between the PacI and the BshTI (AgeI) sites to obtain the plasmid 

pMCS-P2A-mCherry. (MCS stands for a sequence containing several restriction sites.) The 

SgsI (AscI) and Eco105I (SnaBI) fragment encoding the “MCS-P2A-mChery” fragment was 

excised from pMCS-P2A-mCherry and cloned between the SgsI (AscI) and MssI (PmeI) sites 

of pdCas9-NED. The resulting plasmid pM-dCas9-(NED)-P2A_mCherry encodes a 

dCas9-P2A-mCherry fusion. The coding sequences of the MSssI (Q147L) and MSssI (E186A) 

variants were inserted, on SgsI-PacI fragments, between the SgsI and PacI sites of 

pdCas9-(NED)-P2A_mCherry. The new plasmids named pM-dCas9-MSssI (Q147L)-P2A- 

mCherry and pM-dCas9-MSssI (E186A)-P2A-mCherry express the respective dCas9-MSssI 

variant carrying the self-cleavable mCherry-tag. 

Plasmid pMLM2.0 was constructed by replacing the sgRNA expression cassette of the 

plasmid MLM3636 with the sgRNA2.0 expression cassette taken from the plasmid lenti 

sgRNA (MS2)_zeo backbone [40]. The sgRNA expression cassette of MLM3636 was deleted 

by Acc65I digestion and circularisation of the plasmid backbone. The resulting vector was 

digested with NheI and BamHI and ligated to the gel-purified NheI-BamHI fragment 

obtained from lenti sgRNA (MS2)_zeo backbone (Addgene#61427).  

The plasmid pMS2-P65-HSF1-HygroR was constructed by replacing the BcuI-MssI 

fragment carrying the CMV promoter and the dCas9 gene in pMLM3705 with the 

NheI-Eco32I fragment of the plasmid lenti MS2-P65-HSF1_Hygro. To construct the plasmid 

pMS2-NED-HygroR, first the P65-HSF1 gene was deleted from pMS2-P65-HSF1-HygroR by 

BamHI-BsrGI double-digestion. The BsrGI-EcoRI fragment of pMS2-P65-HSF1-HygroR 

carrying the T2A-Hygro genes was cloned between the Acc65I and EcoRI sites of pUC18. 

Subsequently, the T2A-Hygro fragment was excised from pUC18, and was used to replace the 

BamHI-EcoRI fragment of pMS2-P65-HSF1-HygroR to obtain pMS2-NED-HygroR. 



Chapter 5 

 

142 
 

Nucleotide sequences of the plasmids constructed in this work are available upon request. 

Testing of DNA Methylation in E. coli 

The complementary oligonucleotides AK371 (5'-AAACTTTAACCAATAGGCCGAAATG) 

and AK372 (5' AAAACATTTCGGCCTATTGGTTAAA) were annealed, and the duplex was 

inserted via its single-stranded overhanging ends between the BsaI sites of pOK-CRISPR-t. 

The underlined 20 bp part determines the targeted sequence, i.e., positions 7728-7747 of 

pB-dCas9-MSssI (complementary strand). 

The plasmids pB-dCas9-MSssI (WT or mutant) and pOK-CRISPR-t containing the 

AK371-AK372 duplex were co-transformed into E. coli DH110B. Double transformants 

were grown in 5 ml LB (Ap + Kn) medium at 37°C. After reaching OD600 ~ 0.6 cell density, 

transcription from the araBAD promoter was induced by adding 0.1% L-arabinose. 

Non-induced cultures were supplemented with 0.2% glucose. After culturing for 3 h or 

overnight at 30°C, plasmids were prepared and digested with the methylation sensitive 

restriction endonucleases Hin6I and Psp1406I.  
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