
 

 

 University of Groningen

The role of ubiquitin carboxyl-terminal hydrolase isozyme L1/UCHL1 in human lung diseases
Wu, Dan-Dan

DOI:
10.33612/diss.180220400

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wu, D-D. (2021). The role of ubiquitin carboxyl-terminal hydrolase isozyme L1/UCHL1 in human lung
diseases: environmental exposure, epigenetics and epigenetic editing. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.180220400

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.180220400
https://research.rug.nl/en/publications/f0db87eb-ee02-41fb-8c8d-8f25aa5be83c
https://doi.org/10.33612/diss.180220400


 

 

Chapter 1 
 

 

 

General Introduction 

Scope of the thesis 



Chapter 1 

 

10 
 

Exposure to cadmium (Cd), a common environmental pollutant, is closely correlated with the 

development of respiratory disease. Cigarette smoking is a major cause of lung cancer and 

chronic obstructive pulmonary disease (COPD). Environmental factors, such as Cd and 

cigarette smoke exposure have been linked with epigenetic changes, further altering gene 

expression and resulting in various diseases. Epigenetics refers to the heritable yet reversible 

changes in gene expression, without changes in gene sequence. How Cd exposure is exactly 

related to lung diseases is unknown. In vitro exposure to Cd or smoking could reveal gene 

targets which become aberrantly expressed thereby driving e.g., carcinogenesis. Epigenetic 

editing is an approach to induce or restore transcriptional reprogramming through rewriting 

epigenetic marks (DNA methylation, histone modifications) at a desired endogenous genomic 

locus. The expression of ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), a gene 

involved in ubiquitin modification, might be affected by Cd and smoking exposure and it is 

identified to be easily affected by epigenetic changes. Here, CRISPR/dCas9-based epigenetic 

editing techniques were applied to explore the functions of UCHL1 in lung airway 

epithelium. 

Cadmium (Cd) exposure and disease 

Cd (atomic number 48, atomic weight 112.41) is a highly toxic heavy metal and considered 

as a carcinogen classified by the International Agency for Research on Cancer (IARC) [1]. 

Cd and its compounds are pervasively distributed in the air, soil, and water. Cd can be 

accumulated in the environment though a number of ways, including natural activities (such 

as volcanic activity, weathering, and erosion), and human activities which greatly increased 

the deposition, like industrial application (especially nickel-cadmium batteries, electroplating, 

paint pigments, polyvinyl chloride plastics and fluorescence products) and cigarette smoking 

[2]. Cadmium readily accumulated in many organisms, including animals (notably molluscs 

and crustaceans) and plants (e.g., vegetables and crops), which shows a 25–30 year half-life 

[3]. Humans are mainly exposed to Cd through the ingestion of food from polluted food and 

water, occupational inhalation from processes involving heating Cd-containing materials, and 

active or passive inhalation of cigarette smoking [1]. Cd concentrations can be measured in 

the blood, urine, hair, nail, saliva, and samples of kidney, lung, and liver by inductively 

coupled plasma mass spectrometry, atomic absorption spectrometry, electrochemical methods, 

neutron activation analysis, and X-ray fluorescence spectrometry [4].  
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Chronic Cd exposure leads to different types of cancers and the toxicity of organ systems 

including the respiratory, cardiovascular, renal, skeletal, liver, reproductive, central and 

peripheral nervous systems [5]. Cd affects the transportation of essential bio metals such as 

zinc, magnesium, selenium, calcium and iron, further disturbing the homeostasis and 

biological functions of these metals [6, 7]. Long-term occupational exposure to Cd fumes or 

dusts leads to decreased lung function [2]. Cd can be hyper-accumulated in tobacco leaves, 

and tobacco smoking is the major source of non-occupational exposure to Cd [2]. Indeed, 

studies have shown in urine of current and former smokers, a higher concentration of Cd was 

measured, compared with non-smokers [2, 8, 9]. The main mechanisms for Cd-induced 

carcinogenesis include interference with mitochondrial function (e.g., inducing ROS 

production, inhibiting respiratory chain complexes, decreasing ATP synthesis, and altering the 

inner mitochondrial permeability), induction of inflammation, alteration of DNA damage and 

repair capacity, epigenetic modifications, aberrant gene expression and cell proliferation [10].  

Nowadays, the application of Cd in industry is decreasing due to its toxicity, for example, 

nickel-metal hydride and lithium-ion batteries have been replaced with nickel-cadmium 

batteries, and Cd dyes are partially replaced by azo dyes. Several studies investigate the 

possible methods to remove Cd from contaminated water and soil, such as the adsorption of 

Cd by plants (e.g., sunflower, Indian mustard, and river red gum) and nanoparticles (e.g., 

TiO2, Al2O3, and AgNO3) [11‒16]. Moreover, microbial fermentation has been found as a 

promising method to remove Cd from food [17, 18]. However, the use of cadmium telluride 

semiconducting nanocrystals (e.g., quantum dots, solar panels, and infrared optical windows) 

were dramatically increased [19, 20]. Therefore, Cd exposure is still a major concern for 

public health, and the mechanisms of Cd-induced carcinogenesis and diseases remain to be 

investigated.  

Smoking exposure and disease 

Tobacco smoke contains more than 7,000 chemicals and among them at least 69 are known to 

cause cancer, such as acetaldehyde, aromatic amines, arsenic, benzene, beryllium, 

1,3-butadiene, cadmium, and chromium. Smoking is the number-one risk factor for lung 

cancer and COPD, also, smokers have a much greater risk of heart disease, cerebral 

hemorrhage, and stroke than non-smokers [21]. Furthermore, smoking was found to have 



Chapter 1 

 

12 
 

transgenerational effects on the offspring, particularly, maternal cigarette smoking before or 

during pregnancy increased the risk of preterm birth and alter early lung development [22, 

23]. Researchers have unveiled the multiple pathogenic mechanisms of smoking, including 

induction of inflammation and immune cell changes, genetic alterations, oxidative damage, 

endothelial dysfunction, cell senescence, and epigenetic changes of a battery of genes 

[24‒26]. 

Smoking is highly addictive, and nicotine is the main component in tobacco that is 

responsible for the addiction. Therefore, quitting smoking is one of the most effective yet 

challenging steps for smokers to reduce the risk of developing smoking-related diseases. 

Smoking behavior (i.e., number of cigarettes consumed per day and the ability to stop 

smoking) has also been linked with epigenetic changes, which could have implications for 

possible DNA methylation-specific drug targeting [27‒29]. 

Epigenetics and epigenetic editing 

Epigenetics 

Although all cells in our body initially contain the identical DNA sequence, expression of 

genes are different in different cell types. Generally, mitotically stable changes in gene 

expression, which occur without changes in the gene sequence, is called epigenetics. 

Epigenetic modifications mainly include DNA methylation and post-translational histone 

modifications (histone PTMs). Epigenetic mechanisms can control gene expression by 

writing or erasing epigenetic marks (e.g., DNA methylation and histone modifications) and 

epigenetic dysregulation can result in various diseases, including cancers [30‒32]. The 

emerging field of epigenetics has provided preventive, diagnostic, and therapeutic markers 

[33]. 

DNA is wrapped around histone octamers (two copies of each core histone H2A, H2B, 

H3 and H4). Accessibility of DNA for the transcription machinery is determined by 

modifications on the DNA and on the histone proteins. In this respect, DNA methylation is 

catalyzed by DNA methyltransferase (DNMT) family members through adding methyl 

groups to cytosine residues generally in cytosine-phosphate-guanine (CpG) dinucleotides. 

Generally, DNA hypermethylation of CpG islands in gene promoter regions turns off the gene, 
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while hypomethylation allows transcription activation [34]. Histone proteins can be changed 

by writing or erasing marks (e.g., methyl and acetyl groups) on the histone tails. The 

differential methylation of lysine residues is closely associated with the activation (like 

histone H3 lysine 4 trimethylation, H3K4me3) and repression (such as histone H3 lysine 9 

trimethylation, H3K9me3; and histone H3 lysine 27 trimethylation, H3K27me3) of gene 

expression. Writing acetyl groups (acetylation) can open the chromatin and increase the 

accessibility to transcription factors, further turn on gene expression, while removing acetyl 

groups (deacetylation) turn it off. Dysregulation of chromatin modification is an important 

process of tumorigenesis [35]. 

Aberrant epigenetic modifications, due to environmental exposure, such as cigarette 

smoking and Cd exposure, plays a critical role in the development of various diseases, 

including cancers and chronic diseases [35‒37]. Cd has been revealed to affect the cellular 

status of DNA methylation and histone modifications, leading to aberrant gene expression [36, 

38, 39]. Takiguchi et al. reported that transient Cd exposure inhibited DNA methyltransferase 

and induced DNA hypomethylation, while chronic exposure enhanced DNA 

methyltransferase activity, resulted in DNA hypermethylation [40]. Cd exposure has also 

been linked to the expression and DNA methylation of DNMT3B, a gene involved in DNA 

methylation [41, 42]. Moreover, several studies found that prenatal Cd exposure increases the 

risk of Cd-related pregnancy disorders and affects fetal growth through altering Cd-related 

methylation profiles [37, 43‒48]. For example, environmental Cd exposure has been found to 

be closely associated with hypomethylation of long interspersed nuclear element-1 (LINE-1) 

in the blood of Argentinean women [41], and in maternal and cord blood from the United 

States [49]. Likewise, cigarette smoking has a broad impact on genome-wide methylation 

which shows a long-term signature, even after smoking cessation, predisposing to adverse 

health effects, including pregnancy and cardiovascular disorders, inflammation, and various 

cancers (like lung, liver, and colon cancer) [24, 50‒53]. Smoking induced distinct 

post-translational histone modifications in histone H3 and H4 during the pathogenesis of 

COPD and lung cancer, leading to chromatin remodeling [54‒56].  
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Epigenetic editing 

Epigenetic editing is an approach to rewrite epigenetic marks (DNA methylation, histone 

modifications) at a desired endogenous genomic locus by specifically targeting epigenetic 

enzymes to this locus, mainly aiming to induce transcriptional reprogramming [57, 58]. 

Epigenetic editing mainly includes two parts: a DNA-targeting system and an epigenetic 

effector domain (reader or writer). The DNA-targeting system functions as a guide to 

recognize and bind to the intended genomic sequence and the epigenetic effector domain is 

chromatin-modifying enzymes (such as writers or erasers of DNA methylation and histone 

modifications), which is able to locally reprogramming the epigenetic states. Currently, 

mainly three kinds of DNA targeting platforms are widely used, the zinc finger proteins 

(ZFPs), transcription-activator-like effectors (TALEs) and clustered regularly interspaced 

short palindromic repeats (CRISPRs). As the CRISPR system is cheap and easy to design, the 

system is considered promising and widely exploited as gene-targeting platform for genome 

and epigenome engineering [59, 60]. The CRISPR/dCas9 platform comprises a single guide 

RNA (sgRNA) and the nuclease-dead Cas9 protein (catalytically dead Cas9 mutants bearing 

D10A and H840A) which allows dCas9 fused with various epigenetic marks to be targeted to 

any desired gene by constructing different sgRNAs (Figure 1).  

Researchers have used different epigenetic modifications to regulate gene transcription 

by inducing epigenetic reprogramming: including DNA methyltransferases (e.g., 

DNMT3A/B, DNMT3L and MSssI for targeted gene silencing) or DNA demethylases (TETs 

for gene activation), histone methyltransferases (e.g., PRDM9 targeting H3K4me3 and Dot1l 

targeting H3K79me2/3 to induce transcriptional activation; MLL3 targeting H3K4me1 for 

gene activation; SUV39H1 and G9A targeting H3K9me2/3 and EZH2 targeting H3K27me3 

to induce gene silencing;) or histone demethylases (e.g., LSD1 targeting H3K4me1/2 to 

induce repression), and histone acetyltransferases (e.g., p300 targeting H3K27 to induce 

transcriptional activation) or histone deacetylases (e.g., HDAC3 targeting H3K27ac for gene 

repression) [57, 61‒65]. Alternatively, combining multiple epigenetic activators/repressors 

were exploited to enhance the epigenetic modifications. For example, targeting dCas9 fusions 

with DNA methyltransferase DNMT3A and DNMT3L as well as transcriptional repressor 

KRAB to induce locus-specific repression of gene transcription [66]. The combination of 

DNMT3A, KRAB, and EZH2 increases the enrichment of H3K27me3 and DNA methylation, 
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and maintained long-term repression for some target genes [67]. Interestingly, Li et al. 

recently reported that targeting dCas9, fused with the human histone kinase mitogen- and 

stress-activated protein kinase 1 (MSK1), to human promoters resulted in hyper- 

phosphorylation of histone H3 serine 28 (H3S28ph) and gene activation [68]. In addition, our 

group previously reported that targeted silencing of SPDEF (a transcription factor that 

regulates mucin gene expression) suppressed mucus-related gene expression, which further 

led to the reduction of mucus production in human airway epithelium [69]. Qu et al. found 

that targeted DNA methylation by DNMT3A reverses stiff matrix-induced overexpression of 

desmoplakin in human alveolar epithelial adenocarcinoma (A549) cells [70]. Further, the 

endogenous expression of ZAR1, a biomarker for lung and kidney cancer, can be upregulated 

by targeting epigenetic activators p300, VP160, and TET1, which in turn reactivate the tumor 

suppressor role of ZAR1 [71]. 

Whereas Cas9-based gene editing with the possibility of off-target effects which might 

cause permanent genomic instability, dCas9-based epigenetic editing without the changes on 

genome sequence, is reversible and more clinically relevant [61]. Although no clinical trial 

using CRISPR/dCas9-based epigenetic editing was registered (according to the 

ClinicalTrials.gov registry with 46 trials using CRISPR as a key word) yet, various in vivo 

applications of CRISPR/dCas9-based epigenetic editing have been reported in mouse models, 

which resulted in therapeutic effects by altering endogenous gene expression [72‒76]. 

Nevertheless, there are still some limitations that need to be addressed for the feasible 

application of epigenetic editing, such as the off-target effects, the complexity of locus 

epigenetic contexts and chromatin microenvironment, and deficient delivery methods. 

 

Figure 1. A model of CRISPR/dCas9-based epigenetic editing. sgRNA recognizes and binds to the specific 

sequence at the desired site, to recruit the dCas9-epigenetic effector fusion to the target locus, altering the 

epigenetic state. 
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Ubiquitin Carboxyl-Terminal Hydrolase Isozyme L1 (UCHL1) 

Ubiquitination, also known as ubiquitylation, is a post-translational modification of proteins 

that controls biological processes. Ubiquitination functions on the regulation of protein 

homeostasis by mediating protein degradation and recycling via adding ubiquitin molecules to 

lysine residues of substrate protein [77]. Ubiquitin system serves as a proteolytic signal to 

detect and break down short-lived and abnormal proteins (e.g., damaged, misshapen or excess 

proteins) into proteasomes through an unusual combination of many specific enzymatic 

proteins [78]. Deubiquitination is a process of the removal of ubiquitin from ubiquitin-bound 

proteins catalyzed by deubiquitinating enzymes (DUBs). The dynamic conversion between the 

ubiquitination and deubiquitination system are often dysregulated, leading to various diseases, 

like neurodegenerative disorders and various cancers [79, 80]. Ubiquitination can regulate both 

tumor-suppressing and tumor-promoting pathways in cancers according to their substrates [79, 

81‒83]. 

Ubiquitin carboxyl-terminal hydrolases (UCHs), a subgroup of DUBs, mainly includes 

UCHL1, UCHL3, UCHL5/UCH37, and BRCA1-associated protein-1 (BAP1) [84‒88]. 

UCHL1, also known as PGP9.5 (protein gene product 9.5), is one of the most well studied 

UCH member. It was firstly identified in brain, and is well known for its roles in 

neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease [89‒91]. The 

expression of UCHL1 is not limited to neuronal systems, but also found in various tissues. A 

recent review summarized the biological function of UCHL1 and described the involvement of 

UCHL1 in the process of spermatogenesis, oncogenesis, angiogenesis, cell proliferation and 

differentiation in skeletal muscle, inflammation, tissue injury, neuronal injury and 

neurodegeneration [92]. 

UCHL1 appears to have two different types of enzymatic activity: hydrolase activity 

(remove and recycle ubiquitin molecules from degraded proteins) [93‒95] and ligase activity 

(attach ubiquitin molecules for use in tagging proteins for disposal) [94], and as such 

maintain ubiquitin balance. Due to the dual enzymatic activities, UCHL1 is considered to be a 

tumor suppressor or an oncogene which depends on the cell type. UCHL1 is suggested as a 

tumor suppressor gene in various carcinomas due to its low expression. Notably, a high 

frequency of promoter methylation of UCHL1 leading to transcriptional silencing was found in 

https://www.sciencedirect.com/topics/medicine-and-dentistry/deubiquitinase


General Introduction 

 

17 
 

a large panel of carcinomas, such as nasopharyngeal [96‒98], esophageal [99], gastric [100], 

renal [101], head and neck squamous [102], hepatocellular [103], ovarian [104, 105] and 

prostate [106] cancer. However, it is highly expressed in several malignancies [107], for 

instance, breast cancer [108], cutaneous squamous cell cancer [109], parathyroid carcinoma 

[110, 111], melanoma [112, 113], and osteosarcoma [114, 115]. In fact, hypomethylation in the 

promoter of UCHL1 leads to upregulated expression in gall bladder cancer [116]. In addition, 

the expression of UCHL1 in some other cancers is ambiguous. It is reported that high 

expression of UCHL1 in colorectal [117‒119] and gastric [120‒122] cancer in some studies 

which associated with aggressive phenotype and poor prognosis, while it showed low 

expression from other studies in colorectal [104] and gastric [100] cancer. Interestingly, 

UCHL1 is reported to be highly expressed in lung cancer and can promote metastasis by 

enhancing the stability of HIF-1α (hypoxia-inducible factor 1) via deubiquitination [123]. 

Although UCHL1 is likely involved in carcinogenic processes in non-small cell lung cancer 

cell lines, no correlation with patient survival was observed [124]. Nevertheless, UCHL1 was 

also expressed in high-grade neuroendocrine lung cancer (including small cell lung cancer and 

large cell neuroendocrine carcinoma), and the expression was significantly associated with 

prognosis in patients [125]. Notably, UCHL1 was found to be up-regulated in human airway 

epithelium of current smokers compared with non-smokers or ex-smokers [126, 127], and 

correlated with severity of emphysema [128], which suggests that UCHL1 also plays an 

important role in the process of smoking-induced lung diseases.  

Therefore, the role of UCHL1 in tumors is complicated, researchers have failed to 

conclude whether UCHL1 is a tumor promoter or suppressor in certain malignancies. The 

expression of UCHL1 (either high or low) in specific cancers is mainly depending on the 

methylation status of CpG islands, and leads to the disturbance of cellular ubiquitin levels. It is 

of great importance to elucidate the control mechanism of UCHL1 expression and its 

relationship to tumorigenesis or chronic diseases. 
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Scope of the thesis 

Environmental exposure to cigarette smoke and toxic metal cadmium are associated with 

various airway diseases, including lung cancer. The aim of this thesis was to explore the 

molecular mechanism of cadmium-induced epithelial cell transformation, and the role of 

UCHL1 in lung airway epithelium in relation to cigarette smoke exposure, extracellular 

matrix remodeling, and epigenetics. We hypothesized that both cadmium and cigarette smoke 

exposure induce epigenetic modifications and change UCHL1 expression. In Chapter 2, 

proteomics was used to interrogate cadmium-transformed human bronchial epithelial cells 

with a focus on histone modifications. Using subcellular protein-based proteomics, we 

identified UCHL1 as an important player in cadmium-induced epithelial cell transformation 

in Chapter 3. In Chapter 4, we reviewed the potential application of epigenetic editing as a 

therapeutic approach for the treatment of COPD. In Chapter 5, we initiated the modulation 

of UCHL1 and optimized epigenetic editing strategies towards sustained epigenetic 

reprogramming of UCHL1. In Chapter 6, we explored the effects of cigarette smoke on the 

expression profile and DNA methylation status of UCHL1 in bronchial airway epithelium and 

investigated the role of UCHL1 in extracellular matrix remodeling. In Chapter 7, we 

summarized some technical aspects regarding epigenetic reprogramming of target genes 

during the project. The most important findings of this thesis are summarized and discussed 

in Chapter 8 in the context of existing literatures, and future perspectives are provided based 

on our findings. 
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