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Summary 

Cigarette smoke and cadmium (Cd) exposure are closely associated with various lung 

diseases, including lung cancer, chronic obstructive pulmonary disease (COPD), asthma and 

fibrosis. UCHL1, a member of the ubiquitin-proteasome system, is a protein possessing 

hydrolase and ligase activities, which is involved in protein turnover. The overall aim of the 

work of this thesis was to 1) examine the molecular mechanisms of chronic Cd-induced 

adaptation and carcinogenesis, and 2) explore the function of one candidate player (UCHL1) 

in airway epithelium in relation to cigarette smoke exposure, extracellular matrix (ECM) 

remodeling, and epigenetics. In the first part of the thesis, we profiled a Cd-transformed 

human bronchial epithelial cell line through the epiproteome (proteomic analysis of histone 

marks) and subproteome (proteomic analysis of subcellular proteins) approaches, and found 

that UCHL1 was the most downregulated protein upon chronic Cd exposure. In the second 

part of the thesis, we continued with the investigation of the role of UCHL1 in 

smoking-related disease through CRISPR/dCas9-mediated epigenetic editing of UCHL1 in 

different lung cell lines. 

Part 1 - Epiproteomic and subproteomic profiling of Cd-transformed human bronchial 

epithelial cells 

In Chapter 2, we were interested in the molecular mechanisms of chronic Cd-induced 

carcinogenesis and mainly covered the Cd-induced epigenotoxicity by global epiproteomic 

interrogation. Cd-adapted human bronchial epithelial cells were obtained through 

stepwise-adaptation to environmentally-relevant concentrations of Cd and further enriched by 

growing on soft agar. These Cd-adapted cells exhibit transformed cell properties as evidenced 

by increased mesenchymal marker expression and enhanced cell migration. A quantitative 

histone post-translational modification (PTM)-enzyme‐linked immunosorbent assay was used 

to examine the global epiproteomic signatures of Cd‐transformed and control cells using 18 

histone PTM antibodies. Our results revealed that the global levels of H3K4me2 and 

H3K36me3 were markedly downregulated while those of H3K9acS10ph, H4K5ac, H4K8ac, 

and H4K12ac PTM marks were increased in Cd‐transformed cells. Interestingly, treatment of 

Cd‐transformed cells with a histone acetyltransferase inhibitor (C646) suppressed the 

expression of mesenchymal marker genes and the cell migration ability of these cells. Overall, 

our studies provided for the first time the global epiproteomic interrogation of chronic 

Cd‐exposed human lung cells. The identified histone PTM alterations were associated with 
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Cd‐induced epigenotoxicity and are likely involved in the observed epithelial-mesenchymal 

transition (EMT) and neoplastic survival of these cells. 

In Chapter 3, we continued to investigate the proteome response of normal human 

bronchial epithelial cells challenged with Cd. Subproteome profiles using subcellular 

fractionation coupled with 2D electrophoresis were explored in Cd-transformed human 

bronchial epithelial cells. A total of 63 differentially expressed protein types were identified 

by mass spectrometric analysis between Cd-transformed and passage-matched control cells. 

Of the 18 proteins downregulated, we found that UCHL1 was the top-hit candidate protein 

with the greatest fold of decrease in cytoplasmic and nuclear-soluble fractions of the 

Cd-transformed cells. Importantly, UCHL1 could be re-expressed upon the treatment with 

epigenetic inhibitors, indicating that the repression of UCHL1 expression was due to 

epigenetic changes rather than genetic mutations. Intriguingly, the EMT phenotype could be 

reverted through forced overexpression of UCHL1 in Cd-transformed cells, suggesting the 

role of UCHL1 as a critical modulator in the maintenance of the proper differentiation status 

of lung cells. We also explored the ubiquitylation (also known as ubiquitination) changes in 

Cd-transformed cells and found 23 proteins to be ubiquitylated out of 49 well-known 

ubiquitin-target proteins tested on the array. Overall, these data indicated a role for UCHL1 in 

the suppression of Cd-induced EMT and the process of bronchial epithelial cell 

transformation. 

Part 2 - Investigation on the role of UCHL1 in smoking-related diseases through 

CRISPR/dCas9-mediated epigenetic editing  

In Chapter 4, we reviewed literatures on epigenetic dysregulation in COPD and the tools 

available for restoring molecular epigenetic marks (epigenetic editing). Once, delivery 

systems of epigenetic editing tools are optimized, targeted epigenetic editing can be a novel 

and promising therapeutic approach for the treatment of COPD. 

In Chapter 5, we described the general protocol for, and tested technical adjustments to, 

CRISPR/dCas9-based epigenetic editing to improve the readouts in laboratory systems using 

UCHL1 as a target. In this study, different experimental strategies were tested to improve 

epigenetic editing (e.g., by recruiting additional effector domains via incorporation of the 

MS2 system into the guide RNAs), and to optimize the readouts of the induced epigenetic 

effects (including the construction of stable cell lines and the enrichment of positively 

transfected cells by fluorescent cell sorting). Using transcription activator VP64, targeted 
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upregulation of UCHL1 (17-fold) was obtained through cell sorting. On the other hand, the 

combination of DNA methyltransferase and the transcriptional repressor SKD were used to 

achieve sustained silencing of endogenous UCHL1 expression. These CRISPR/dCas9-based 

experimental approaches would need to be further optimized to fully exploit the power of 

epigenetic editing. 

Our next aim was to further explore the molecular mechanism and the role of UCHL1 in 

lung diseases through modulating its expression via epigenetic editing. In Chapter 6, we first 

investigated the effects of cigarette smoke on the UCHL1 expression profile and DNA 

methylation status in airway epithelium of lung tissue from non-smokers, smokers, and 

ex-smokers, obtained by laser capture micro-dissection. We confirmed that UCHL1 was 

highly expressed in current smokers and that UCHL1 expression was induced by cigarette 

smoke extract (CSE) in primary bronchial epithelial cells. A negative correlation was 

observed between the transcriptional expression of UCHL1 and DNA methylation at certain 

CpG sites. As UCHL1 plays a crucial role in EMT and fibrosis, we further checked whether 

UCHL1 also functions on ECM remodeling. Treatment of cells with an UCHL1 inhibitor 

showed that COL1A1 expression could be repressed by the inhibition of UCHL1 activity, 

even upon TGF-β1 stimulation. Moreover, the targeted upregulation of UCHL1 by the 

artificial transcription activator dCas9-VP64 promoted the expression of COL1A1, whereas 

targeted downregulation of UCHL1 expression via dCas9-EZH2 resulted in a decreased 

expression of COL1A1 and fibronectin. These results suggest that UCHL1 is a mediator in 

the synthesis of the ECM and may be involved in smoking-induced ECM remodeling. 

In Chapter 7, we summarized our findings regarding epigenetic reprogramming of 

PLOD2 and SPEDF, which are target genes taken along in many of our UCHL1 experiments. 

It is important to obtain insights into the general nature of findings regarding a target gene, 

especially to exclude target gene-specific parameters such as differential responses to 

treatment protocols. Such unintended effects highlight the importance of including adequate 

technical controls for the application of epigenetic reprogramming.  

In Chapter 8, we summarized and discussed the findings described in the above chapters 

and put them in the perspective of future studies. 
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General discussion  

The different roles of UCHL1 in lung-related diseases 

Cd is a highly toxic carcinogen which can be widely detected in contaminated soil and water. 

Cd is also a constituent of cigarette smoke, which accentuates the health hazards of cigarette 

smoking-related lung diseases [1‒4]. Before Cd from cigarette smoke gets absorbed in the 

blood circulation, it is accumulated in the lung by inhalation, therefore, lung epithelial cell 

lines were used as a model system in our study. EMT is a process in which epithelial cells 

lose their epithelial phenotype and gain a mesenchymal cell phenotype, providing the 

potential for cell migration and invasion. EMT is one of the driving forces of tumor 

progression and metastasis. In Chapter 2, we found that Cd-transformed human bronchial 

epithelial BEAS-2B cells exhibited enhanced cell migration and EMT. This is consistent with 

other reports stating that Cd exposure induced the upregulation of SNAIL and EMT in lung 

epithelial BEAS-2B cells [5] and breast cancer cell lines [6].  

To further investigate the molecular mechanism of these changes induced by chronic Cd 

exposure, we performed subcellular fraction-based proteomic analysis, as described in 

Chapter 3, and found that UCHL1 was the most downregulated protein upon chronic Cd 

exposure. Moreover, in Cd-transformed cells with silenced UCHL1 expression, the 

ubiquitylation of 23 proteins (out of 49 well-known ubiquitin target proteins) were increased, 

which might be correlated with enhanced turnover/degradation of these proteins. It is 

tempting to further investigate whether UCHL1 would lead to altered protein ubiquitylation 

in Cd-transformed cells in the future. Interestingly, subsequent ectopic overexpression of 

UCHL1 indeed suppressed EMT and cell migration in Cd-transformed BEAS-2B cells. A 

recent study reported that UCHL1 repressed cell migration and invasion of nasopharyngeal 

carcinoma through targeting of Cortactin [7], which is consistent to our study. However, 

several studies have reported that UCHL1 promoted cell migration and invasion via the 

induction of EMT, such as in breast cancer [8, 9] and in prostate cancer [10]. For example, 

UCHL1 was found to be a candidate oncoprotein through facilitating TGF-β1 

signaling-induced breast cancer metastasis by protecting the degradation of TGF-β1 receptor 

and SMAD2 [11]. Also, by comparing catalytically active and inactive UCHL1, Frisan et al. 

reported that UCHL1 enhanced cell adhesion, migration, and anchorage-independent growth 

[12]. Similarly, in lung cancer, UCHL1 has been reported to be highly expressed and to 

promote cancer metastasis by enhancing HIF-1α stability [13] or activating Akt signaling 
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pathway [14]. Therefore, the different functions of UCHL1 on cancer metastasis might be 

mainly dependent on the dual role of UCHL1 (ubiquitin-ligase and deubiquitinating activities) 

in the ubiquitin-proteasome pathway [15].  

Although a repressive role of UCHL1 in the protein expression of EMT was found in 

Cd-transformed BEAS-2B cells in Chapter 3, no changes in the mRNA expression of EMT 

marker genes (vimentin, CTNNB1, ACTA2, TAGLN, and ZEB1/2) were observed in 

BEAS-2B cells with ectopic overexpression of UCHL1 in Chapter 6. Particularly, another 

EMT marker fibronectin seemed to be inhibited upon re-expression of UCHL1 in 

Cd-transformed BEAS-2B cells by ectopic overexpression (Chapter 3), whereas the 

expression of fibronectin was repressed upon targeted downregulation of endogenous 

expression of UCHL1 by the H3K27 histone methyltransferase enhancer of zeste homolog 2 

(EZH2) (Chapter 6). One of the explanations for the difference in the above observations 

could be the different cell behavior observed using culture medium with or without serum. As 

reported, the BEAS-2B phenotype can be impacted by cell culture conditions, such as the 

presence or absence of serum [16]. In Chapter 2 and Chapter 3, BEAS-2B cells were 

cultured in serum-free LHC-9 medium (containing several supplements, including EGF, 

insulin, transferrin, epinephrine, hydrocortisone, triiodothyronine, pituitary extract), whereas 

in Chapter 6, BEAS-2B cells were grown in RPMI medium supplemented with 10% fetal 

bovine serum. Fetal bovine serum culture conditions for BEAS-2B induce glycolytic capacity, 

basal respiration, oxygen consumption, and maximal respiration as concluded from analyzing 

genome-wide gene expression in BEAS-2B cultured with or without serum [16]. In addition 

to the serum effect, BEAS-2B cells used in Chapter 3 and Chapter 6 were different: 

parental BEAS-2B cells were used in Chapter 6, and long-term Cd-exposed BEAS-2B cells 

were used in Chapter 3, and these Cd-transformed cells had an aberrant protein expression 

profile. 

Even though the same culture medium containing serum was used throughout Chapter 6, 

the expression of COL1A1 increased upon endogenous upregulation of UCHL1 (17-fold) by 

targeting artificial transcriptional activator VP64, but this was not observed for cells 

experiencing ectopic overexpression of UCHL1 (150~400-fold), when compared to empty 

plasmid controls. A possible explanation for this difference is that the exogenous expression 

of UCHL1 represented only one isoform, while alternative transcription start sites (TSS) and 

differentially spliced isoforms exist according to another report [17]. Interestingly, a recent 

study comparing dCas9-VPR-upregulated endogenous expression of FOXP3 and a 
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plasmid-encoded FOXP3 (CMV reporter-controlled), showed that despite the ectopic FOXP3 

expression increased a thousand-fold at day 1 post-transfection, the expression dropped 

quickly on successive days compared with cells where endogenous FOXP3 expression was 

induced by dCas9-VPR [18]. Compared with conventional ectopic expression by 

cDNA-encoded plasmid which is limited by the inherent choice of testing only one of the 

various cDNA isoforms, the uncontrolled expression induced by the promoter of choice and 

the absence of sustained effects unless via potential harmful integrations by virus 

transduction [19], endogenous regulation of target gene by epigenetic editing is a promising 

alternative for gene-function exploration and validation. In addition to expression, the 

catalytic activity of UCHL1 expressed from our plasmid (one isoform) needs to be further 

validated.  

In terms of tumor progression, the function of UCHL1 appears to be ambiguous: In 

Chapter 3, we showed that UCHL1 was silenced in Cd-transformed bronchial epithelial 

BEAS-2B cells upon chronic Cd exposure (indicating a potential tumor suppressive role of 

UCHL1), while UCHL1 was highly expressed in airway epithelium of current smokers 

[20‒23], as also confirmed by us in Chapter 6. Although exposure to Cd is a critical risk in 

itself, it is only one of the many toxic components of cigarette smoke that could affect the 

expression of UCHL1 in airway epithelium. Indeed, polycyclic aromatic hydrocarbons, 

nitrosamines, nicotine, ammonia, and carbon monoxide are known component of cigarette. 

For example, nicotine has been reported to increase the level of UCHL1 in mouse 

cerebrospinal fluid and blood [24, 25], which could explain that opposite effects were found 

for UCHL1 expression upon exposure to Cd versus cigarette smoke or CSE. Since cigarette 

smoke is the most commonly identified risk factor of COPD and samples used in Chapter 6 

were all from non-COPD patients, we additionally asked whether UCHL1 expression was 

also upregulated in smokers with COPD. Min et al. has reported that COPD and severe 

emphysema showed a higher accumulation of ubiquitinated proteins and deubiquitinating 

enzyme UCHL1, leading to the aggregation of misfolded or damaged proteins, compared 

with non-smokers [21]. Interestingly, in a proteomic profile, the UCHL1 expression level was 

lower in the bronchoalveolar lavage (BAL) of patients with COPD, COPD and lung cancer, 

and lung cancer without COPD, when compared with control patients with neither lung 

cancer nor COPD [26]. The difference might be explained by the fact that these studies were 

performed in different compartments of the lung (i.e., human lung sections versus BAL), 

using different techniques (i.e., IHC versus proteomics).  
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In our study described in Chapter 6, we found that the expression of COL1A1 increased 

upon endogenous upregulation of UCHL1 by VP64, and downregulation of UCHL1 

expression by epigenetic targeting EZH2 resulted in subsequent repression of COL1A1 and 

fibronectin production in human bronchial epithelial BEAS-2B cells. The results suggest that 

UCHL1 is an important player in the synthesis of ECM and the progression of chronic lung 

disease. The ECM of the lung is largely comprised of macromolecules and their regulatory 

factors, providing functional support to efficient air-transport and gaseous-exchange [27]. 

Disruption of normal ECM production can, amongst others, lead to inflammation which 

exacerbates aberrant remodeling of the lung [28]. Interestingly, Bheda et al. also found that 

siRNA-suppressed UCHL1 leads to the downregulation of fibronectin expression in 293T 

and cervical cancer C33A cells [29]. Next to the effects of UCHL1 on the synthesis of ECM 

in airway epithelium, we also checked the expression of UCHL1 in lung fibroblasts, since 

fibroblasts are the most common connective cells to produce and secrete ECM, the 

non-cellular component of a tissue. According to single-cell sequencing results from the 

online database Lung Cell Atlas [30], UCHL1 was found to be highly expressed in lung 

fibroblasts and in smooth muscle-, mesothelium-, and macrophage-labeled cells (Figure 1). 

This is in line with other reports about the potential role of UCHL1 as a therapeutic target in 

fibrosis [31‒33]. Also, the transcriptional expression of COL1A1 and fibronectin can be 

found highly expressed in lung fibroblasts. Our analyses of RNAseq and recent single-cell 

sequencing databases point to an intriguing role of UCHL1 in the crosstalk of epithelium and 

fibroblasts to coordinate the remodeling of ECM. Lei et al. recently also reported that both 

inhibition and knockdown of UCHL1 in mice cardiac fibroblasts suppressed TGF-β1-induced 

upregulation of COL1A1 [34].  

As explained earlier, cigarette smoke, the leading cause of chronic lung diseases, is 

closely associated with the deposition of ECM [35‒37]. As the cigarette smoke-induced 

deposition of ECM provides clues for understanding chronic lung disease, research mainly 

focused on human fibroblasts, the connective cells secreting ECM, as well as airway smooth 

muscle cells [36, 38] and alveolar cells [39]. However, little is known about the effects of 

cigarette smoke on ECM synthesis in airway epithelium. In our study, we investigated the 

expression of COL1A1 in PBECs exposed to different doses of CSE. Surprisingly, a decrease 

of COL1A1 expression was observed upon the stimulation of CSE (Figure 2). Although 

increased UCHL1 expression and decreased COL1A1 expression were observed upon CSE 

exposure in PBECs, other factors affected by CSE might be more profoundly involved in the 
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(down)regulation of COL1A1 expression. The molecular mechanism of UCHL1 affecting the 

transcriptional expression of ECM genes needs further exploration.  

 

Figure 1. Expression of UCHL1 in the non-epithelial database of the Lung Cell Atlas. Transcriptional 

expression of targeted genes according to the single-cell sequencing results from the online database Lung Cell 

Atlas with the selection of the dataset “Lung atlas others”. (A, B) Expression of UCHL1 in the non-epithelial 

database of the lung atlas. The t-SNE plot represents different cell clusters from the non-epithelial database of 
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the lung atlas (A) and UCHL1 plot shows the expression pattern of UCHL1 in each cell type overlaid on the 

t-SNE plot (B). (C, D) The t-SNE plot of airway and parenchyma (C) and the expression of UCHL1 in each 

subtype of airway and parenchyma (D) through overlying UCHL1 plot from (B). (E, F) The expression of 

COL1A1 (E) and Fibronectin (F) in each subpopulation of airway and parenchyma. 

 

 

Figure 2. Expression of COL1A1 upon CSE exposure in PBECs from healthy lung transplant donors. 

Cells were seeded to fibronectin/collagen pre-coated 12-well plates and treated with 0-10% CSE when the cells 

were 80% confluent. Cells were harvested for RNA isolation post 24 h (n=6). Data from different dose of CSE 

were normalized to 0% CSE. Significance was analyzed by One-way ANOVA, **** p< 0.0001. 

 

 

Figure 3. The expression of UCHL1 in primary bronchial epithelial cells exposed to epigenetic inhibitors. 

Left panel, PBECs were sham-exposed or treated with 5 M of 5-Aza-dC for 72 h and followed with a 

combined treatment of 5-Aza-dC and TSA (0.5‒1 M) for 24 h. Right panel, PBECs were sham-exposed or 

exposed to 50‒100 M anacardic acid (AA) for 24 h. Cells were harvested for RNA isolation and quantitative 

RT-PCR was used to determine the mRNA level of UCHL1. GAPDH was used as internal control. Data are 

expressed as mean with various independent repeats, * p ≤ 0.05.  
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Epigenetic modulation of UCHL1 expression via CRISPR-dCas9-based 

epigenetic editing 

Epigenetic inhibitors targeting epigenetic modifiers are widely explored as new therapeutic 

agents. In Chapter 3, treatment by DNA methyltransferase inhibitor 5-Aza-dC or histone 

deacetylase (HDAC) inhibitor MS275 (an inhibitor that strongly inhibits HDAC1 and 

HDAC3) restored the expression of UCHL1 in Cd-transformed BEAS-2B cells back to 

control levels, and the expression of UCHL1 increased in PBECs upon the treatment of 

5-Aza-dC or TSA (a pan-HDAC inhibitor) respectively. In addition, with the co-treatment of 

5-Aza-dC and TSA, the expression of UCHL1 increased around 70-times in PBECs (Figure 

3), and this phenomenon was also found in other cell lines [40, 41]. The data indicate that 

both DNA methylation and histone acetylation are involved in the regulation of UCHL1 

expression. Consistently, the expression of UCHL1 is also reported to be increased with the 

knockdown of HDAC4 in ovarian cancer [42]. In seeming contrast, anacardic acid, an 

inhibitor of p300 and p300/CBP associated factor histone acetyltransferases, induced around 

20-fold upregulation of UCHL1 expression in PBECs (Figure 3). This might be explained by 

the fact that anacardic acid also is an inhibitor of several clinically targeted enzymes such as 

NF-κB kinase, LOX-1, xanthine oxidase, and tyrosinase. NF-κB has indeed been reported to 

inhibit UCHL1 expression [17]. However, further studies need to be carried out to confirm 

the mechanism of action of anacardic acid on the regulation of UCHL1 expression. Although 

epigenetic inhibitors are able to re-express silenced genes and some of them have been 

applied in clinical therapies, even for solid cancers [43], there are several limitations for 

epigenetic drugs, including genome-wide, non-chromatin, and transient effects [44, 45]. 

Genetic manipulation is a main technique for the understanding of gene function and the 

relation with diseases through inducing changes in gene expression. Artificial transcription 

factors using DNA targeting systems coupled with transcriptional activators/repressors, are 

widely used to modulate gene expression. In Chapter 5 and Chapter 6, we treated BEAS-2B 

cells to express CRISPR/dCas9-VP64 and UCHL1 targeting sgRNAs, and 17-fold 

upregulation of UCHL1 expression was induced. Yet, VP64-based artificial transcription 

activator recruit the transcriptional machinery resulting in upregulation of gene expression, 

without enzymatic activity on the chromatin. Therefore, VP64-induced effects are transient in 

nature. Epigenetic editing is an approach to rewrite epigenetic marks at a desired genomic 

locus by specifically targeting epigenetic enzymes to any specific locus [46]. As such, 
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epigenetic editing promises to induced mitotically stable effects and is becoming a promising 

alternative to gene editing for gene-function exploration and clinical application [47]. 

CRISPR/dCas9-based DNA targeting platforms are popular and widely used to reprogram 

epigenetic states. Since we previously demonstrated that the combined writing of H3K4me3 

(targeting PRDM9) and H3K79me (targeting Dot1l) allows re-expression of target genes [48], 

the combination of these two effectors was also tested in the modulation of UCHL1 

expression. The combination of PRDM9 and Dot1l indeed induced about 4-fold upregulation 

of UCHL1 expression, compared with NED control or PRDM9 mutant and Dot1l mutant. 

The enrichment of H3K4me3 and H3K79me at the promoter region of UCHL1 need to be 

further validated. As gene expression generally is associated with its histone acetylation 

status, and since the expression of UCHL1 indeed increased upon the treatment of HDAC 

inhibitors, e.g., MS275 and TSA, targeting a histone acetyltransferase and/or histone 

methyltransferase or DNA demethylase might further upregulate the expression of UCHL1. 

Targeted acetylation also acts as a causal mechanism of transactivation, e.g., dCas9 fusing 

with the core p300 (histone acetyltransferase, catalyzing H3K27) domain activates target 

gene expression from promoters and enhances [49].  

On the other hand, targeted downregulation of UCHL1 was obtained through targeting 

various epigenetic repressors. In Chapter 5, we achieved a 40% downregulation of UCHL1 

in human embryonic kidney HEK293T cells through targeting a combination of the DNA 

methyltransferase MSssI and SKD at 1 kb upstream of the TSS. The repression was 

maintained up to 12 days post transfection. Using sgRNAs which bind more closely to the 

TSS, a similar trend of repression was observed. The synergetic effects of DNA 

methyltransferase and transcriptional repressor SKD in gene silencing is consistent to other 

reports [50‒54]. However, with the same experimental setup (targeting around 1 kb upstream 

of the TSS), there was no downregulation of UCHL1 expression in human lung cancer cell 

line H1299, although methylation was increased about 60% at one specific CpG sites (6 bp 

upstream of the TSS) of UCHL1 promoter. Reasons for this phenomenon likely include 

cell-type and chromatin-state specific parameters [54, 55] (about 70% methylation at 12 bp 

upstream of the TSS and 40% methylation at 6 bp upstream were increased in HEK293T cells, 

whereas 20% methylation at 12 bp upstream of TSS and 60% methylation at 6 bp upstream 

were increased in H1299 cells). In addition, a narrow range of methylation induction may be 

not sufficient to trigger gene repression in some specific cell lines, as also observed for the 

regulation of CDKN2A [56]. 
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For targeted downregulation of UCHL1, rewriting of H3K27 methylation by the histone 

methyltransferase EZH2 resulted in around 20% downregulation of UCHL1 in H1299 cells, 

whereas no repression was obtained for this effector domain in HEK293T cells (as described 

in Chapter 6). The difference of UCHL1 modulation by targeting DNA methylation or 

histone methylation in H1299 and HEK293T cells might be explained by the different 

chromatin contexts (HEK293T cells showed higher expression of UCHL1), transfection 

efficiencies (higher transfection efficiency in HEK293T than H1299) and cell-type-specific 

gene regulation manner. Long-term repression was not achieved in these two cell lines by 

targeting EZH2, which may indicate that repression induced by dCas9-repressive EDs (e.g., 

EZH2) could be the result of non-catalytic mechanisms (like steric interference) and/or the 

methylation of histone only maybe not sufficient to sustain gene repression, as indicated for 

the repression of HER2 [51, 53]. Nevertheless, synthesis of a group of dCas9 epi-suppressors 

(DNMT3A, KRAB, and EZH2) and sgRNAs causes downregulation of target gene 

expression in hepatoma cells [57]. The combination of DNMT3A, KRAB, and EZH2 enables 

enrichment of H3K27me3 and DNA methylation, and maintained long-term repression for 

some target genes [53]. Interestingly, co-injection of dCas9-EZH2 mRNA and sgRNAs into 

medaka embryos results in the accumulation of H3K27me3 at the targeted loci and 

downregulation of gene expression [58]. Repression of UCHL1 through targeting EZH2 

needs to be further investigated by ChIP assay, and EZH2 catalytic mutant should be included 

in the future study. Based on these results, the expression of UCHL1 is correlated to DNA 

methylation and histone modifications, including histone methylation and acetylation. 

Therefore, combined epigenetic activators (e.g., DNA demethylase, histone methyltransferase, 

and histone acetyltransferase) might further increase the upregulation of UCHL1, and 

tethering epigenetic suppressors (e.g., the combination of DNA methyltransferases DNMT3L 

and DNMT3A, KRAB, and EZH2) might be more efficient to modulate and maintain the 

transcriptional repression of UCHL1. 

Nowadays, epigenetic editing enables controlled regulation of any gene locus through 

targeting various epigenetic modifications [59‒61], and epigenetic editing have been widely 

used in molecular biology research. To detect the effect of transcriptional expression 

modulated by CRISPR/dCas9-based epigenetic editing, various controls need to be included 

in the measurement of mRNA expression. However, most of the current reports only include 

either controls to correct for delivery approaches (transfection reagent only or 

untreated/untransduced controls) [18, 51, 62‒64] or controls to correct for the mere dCas9 
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(no effector domain) and sgRNA (empty vector control) binding to the locus [56, 65, 66] 

when analyzing the mRNA expression of target genes. Only limited studies included both 

these appropriate controls for delivery approaches and dCas9/sgRNA, and these studies 

support our findings of non-intended effects on the modulation of gene expression (Chapter 

7) [67‒71]. According to our attempts towards epigenetic reprogramming of various genes 

(UCHL1, SPDEF, and PLOD2) in Chapter 7, we can see that the delivery of epigenetic 

effector domains or DNA targeting system (CRISPR/dCas9) through transduction or 

transfection, affects the expression of some genes (e.g., SPDEF and PLOD2). To exclude the 

effects of e.g., basal expression, delivery procedure, and to truly assess the influence of the 

epigenetic enzyme activity, specific controls need to be included: empty vector control for 

sgRNAs (or plasmids encoding random sgRNA) and no effector domain control for 

dCas9-EDs, mutant versions of epigenetic effectors, and the control for DNA delivery 

method. Moreover, the controls when investigating sustainability of epigenetic modifications 

should also be addressed from different angles (e.g., untreated cells cultured in parallel, 

empty vector control for sgRNA, no effector domain for dCas9-EDs, as well as dCas9-mutant 

ED post long-term transfection as a control for long-term detection). As previously described 

[72], when normalized to Day 0 (before transfection), the repression of SPDEF sustained 12 

days after transient transfection of SPDEF sgRNAs into stably expressing dCas9-G9a MCF-7 

cells, whereas, when normalized to sgRNA empty vector control at Day 14, the repressed 

expression of SPDEF was not maintained at Day 14 (Chapter 7). Additionally, to avoid 

plasmid DNA toxicity, one should consider to transfect reduced amounts of DNA, since we 

showed in Chapter 7 that less DNA gained equal effective transcriptional outcomes: similar 

trends of repression of PLOD2 expression were obtained with a quarter amount of sgRNAs 

targeting PLOD2.  
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Future perspectives 

Based on our findings in this thesis that targeted up/downregulation of UCHL1 (using 

CRISPR/dCas9-based epigenetic editing) modulates the expression of the ECM gene 

COL1A1 and fibronectin, the next step would be to explore the molecular mechanisms 

downstream of UCHL1 expression in further details, e.g., how UCHL1 modulates the 

expression of ECM genes or whether UCHL1 affects the exact deposition and proportion of 

the different ECM proteins through detection of ECM proteins via immunofluorescence or 

immunoblot assays. Furthermore, as UCHL1 is highly expressed in both airway epithelium 

and fibroblasts, more research regarding the intriguing role of UCHL1 on cell differentiation, 

by, for instance, stabilizing the epidermal growth factor receptor (EGFR) through inhibition 

of EGFR ubiquitylation and degradation [73], is interesting to pursue as it can explain the 

squamous cell metaplasia and goblet cell hyperplasia in smokers and patients with COPD. 

These features are partially attributed to activation of the EGFR. In addition, although 

fibroblasts are the most common connective cells to produce and secrete ECM, UCHL1 in 

airway epithelium might add to the ECM deposition and further contribute to the airway 

remodeling. It would be interesting to further explore how epithelial UCHL1 modulates ECM 

remodeling, what the consequences are for crosstalk between airway epithelium and 

fibroblasts, and whether epithelial UCHL1 leads to more airway remodeling. 

With respect to epigenetic editing, this study indicates that epigenetic editing acts as a 

very good alternative technique for traditional cDNA plasmid induced upregulation of a 

candidate gene. cDNA approaches suffer from the large size of many constructs, the fact that 

in general only one isoform can be chosen, promoter choice often results in too high 

overexpression and the effect is not sustained. Compared to epigenetic editing, knock down 

or knock out experiments using genome editing, have the disadvantage of off-target and 

toxicity effects (siRNA) and/or causing potentially permanent genomic damage/instability. 

All together, the dCas9 tools offer a flexible platform for the exploration and validation of a 

biological function of a specific gene. Since we showed that the expression of UCHL1 is 

closely associated with DNA methylation and histone modifications, different combinations 

of epigenetic effectors might synergize in achieving modulation of UCHL1 expression. 

Although efficient methods for targeted delivery and sustained reprogramming need to be 

urgently solved, epigenetic editing is promising in clinical applications [74, 75], especially 

for the therapy of chronic diseases.  
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