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Abstract   

Cadmium (Cd), a highly toxic heavy metal, is widespreadly distributed in the environment. 

Chronic exposure to Cd is associated with the development of several diseases including 

cancers. Over the decade, many research have been carried on various models to examine the 

acute effects of Cd, yet, limited knowledge is known about the long-term Cd exposure, 

especially in the human lung cells. Previously, we showed that chronic Cd-exposed human 

bronchial epithelial BEAS-2B cells exhibited transformed cell properties, such as 

anchorage-independent growth, augmented cell migration, and epithelial−mesenchymal 

transition (EMT). To study these Cd-transformed cells more comprehensively, here, we 

further characterized their subproteome. Overall, a total of 63 differentially-expressed 

proteins between Cd-transformed and passage-matched control cells among the five 

subcellular fractions (cytoplasmic, membrane, nuclear-soluble, chromatin-bound, and 

cytoske- letal) were identified by mass spectrometric analysis and database searching. 

Interestingly, we found that the thiol protease ubiquitin carboxyl-terminal hydrolase isozyme 

L1 (UCHL1), as one of the severely down-regulated proteins in the Cd-transformed cells. 

Notably, the EMT phenotype of Cd-transformed cells can be suppressed by forced ectopic 

expression of UCHL1, suggesting UCHL1 as a crucial modulator in the maintenance of the 

proper differentiation status in lung epithelial cells. Since EMT is considered as a critical step 

during malignant cell transformation, finding novel cellular targets that can antagonize this 

transition may lead to more efficient strategies to inhibit cancer development. Our data report 

for the first time that UCHL1 may play a function in the suppression of EMT in 

Cd-transformed human lung epithelial cells, indicating that UCHL1 might be a new 

therapeutic target for chronic Cd-induced carcinogenesis.  

 

Keywords BEAS-2B, Chronic cadmium exposure, Human lung cells, Subcellular proteomics, 

Ubiquitin carboxyl-terminal hydrolase isozyme L1, Epithelial−mesenchy- mal transition  
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Introduction 

Cadmium (Cd) is a carcinogenic toxic metal classified by the International Agency for 

Research on Cancer (IARC, 1993). Cd exposure is a major concern for public health 

according to WHO reports (2010). Although Cd is uncommon in the natural environment, it 

is widely used in industrial products, such as batteries, fluorescence microscopes, 

electroplating and various pigment products (Kawasaki et al. 2004; Kim et al. 2015). The 

industrial activities lead to comparatively high accumulation of Cd through the 

biomagnification of the food chain which is exposed to Cd-contaminated soil and water (Kim 

et al. 2015). Cd is considered as one of the main carcinogenic components of tobacco through 

hyper-accumulation in tobacco leaves and tobacco smoking is another main cause of Cd 

exposure (Satarug and Moore 2004; Scherer and Barkemeyer 1983). Inhaled Cd oxide during 

tobacco smoking is likely to deposit in lung tissues and/or the blood circulation (Ganguly et 

al. 2018; Satarug and Moore 2004). As a component of tobacco, Cd has proven to cause 

pulmonary inflammation and emphysema via pulmonary oxidative stress in rats model 

(Kirschvink et al. 2006; Nair et al. 2013). Although consistent reports have pointed out the 

association between Cd exposure and lung-related disease, very little is known about the 

underlying mechanism and progression.  

Our group has been investigating the molecular mechanisms of Cd-induced cytotoxicity, 

adaptation, and carcinogenesis; and aiming to discover potential therapeutic targets for cancer 

intervention. Our previous results indicated that the acquisition of death tolerance in Cd 

-resistant rat lung epithelial cells was associated with basal metallothionein levels, 

perturbation of the JNK pathway and overexpression of cytokeratin 8/14 (Lau and Chiu 

2007). We also found that the expression of metal transporter Zip8 was drastically decreased 

in Cd-resistant lung epithelial cells from rat, indicating that during chronic Cd exposure, 

down-regulation of Zip8 was involved in the adaptive cell survival mechanism (Gao et al. 

2017). To further investigate the underlying mechanism of chronic Cd exposure on human 

lung epithelium, we established a Cd-adapted human bronchial epithelial BEAS-2B cell 

model. Cd-sensitive cells were chronically exposed to a stepwise increase of cadmium 

chloride (CdCl2) concentrations by mimicking chronic Cd exposure in the environment. 

Recently, we found that Cd-adapted cells exhibited transformed cell properties (augmented 



Chapter 3 

 

46 
 

cell migration ability and soft-agar-based anchorage-independent growth) and aberrant 

histone modifications (Liang et al. 2018). In addition, we found that post-chronic Cd 

exposure is closely associated with differential gene expression profiles of DNA damage and 

DNA repair in human bronchial epithelial cells (Tan et al. 2019). 

Our previous research mainly covered the Cd-induced epigenotoxicity by global 

epiproteomic interrogation, however, in this study, we specifically focused on exploring the 

proteome profiles of human bronchial epithelial cells responding to chronic Cd exposure. 

Whole cell proteomics, with all the extracted proteins resolving on the same gel, making the 

spots difficult to be separated if the proteins are of similar pI and molecular size. Therefore, 

to improve the resolution and simplify the mixture of proteins obtained from the cells, 

subcellular fractionation was performed to isolate individual fractions prior to 2D gel 

electrophoresis, which reduced the sample complexity while enhancing the resolving 

capability (Lee et al. 2010; Tan et al. 2018). Also, compared with traditional whole cell 

proteomics, subcellular proteomics can delineate the subcellular locations of protein. In this 

current study, we investigate the subproteome profiles of Cd-transformed human bronchial 

epithelial cells using 2D electrophoresis preceded by subcellular fractionation. We identified 

a list of differentially-expressed proteins in Cd-transformed cells and found that the ubiquitin 

carboxyl-terminal hydrolase isozyme L1 (UCHL1), a member of the ubiquitin C-terminal 

hydrolase class of deubiquitinase family, was markedly decreased in Cd-transformed cells. 

We showed that the low expression of UCHL1 was likely resulted from DNA methylation 

and histone deacetylation. Further functional studies demonstrated that the 

epithelial−mesenchymal transition (EMT) phenotype of Cd-transformed cells could be 

reverted through forced ectopic expression of UCHL1. Moreover, the ubiquitylation changes 

in Cd-transformed cells were explored, and we showed that 23 ubiquitylated proteins were 

altered. The current findings offer new insights into the novel role of UCHL1 in the process 

of lung cell differentiation under chronic Cd exposure, indicating that UCHL1 might be a 

new therapeutic target for chronic Cd-induced carcinogenesis. 
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Materials and methods 

Reagents 

The chemicals CdCl2, 5-aza-2′-deoxycytidine (5-Aza-dC) and trichostatin A (TSA) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The MS-275 was obtained from 

Selleck (Shanghai, China). The general reagents, including the protein clean-up kit, silver 

staining kits and other proteome analysis reagents, used in this study were obtained from GE 

Healthcare (Uppsala, Sweden) and Sigma-Aldrich. Primary antibodies used for immunoblot 

analysis were obtained from GeneTex (Irvine, CA, USA), Santa Cruz Biotechnology (Santa 

Cruz, CA, USA), Sangon Biotech (Shanghai, China) and Cell Signaling Technology (Danvers, 

MA, USA), the detailed information is listed in supplemental Table S1.  

Human lung cell model for chronic Cd exposure 

The Cd-transformed human bronchial epithelial cells and passage-matched controls were 

generated as we described previously (Liang et al. 2018). Briefly, the BEAS-2B cell line 

(CRL-9609) was purchased from the American Type Culture Collection (Rockville, MD, 

USA). BEAS-2B cells were cultured in LHC-9 medium at 37°C in an atmosphere containing 

5% CO2 and 95% air according to manufacturer’s instruction. LHC-9 was prepared with LHC 

basal medium (Gibco, Grand Island, NY) supplemented with other growth factors, cytokines 

and solutions as previously described (Liang et al. 2018). BEAS-2B cells were gradually 

challenged with an increasing dose of CdCl2 (ranging from 1 to 20 M) in LHC-9 medium 

for around 20 passages. The obtained Cd resistant cells were further applied to 

soft-agar-based anchorage-independent growth assay and clones were then pooled together 

and designated as T20 cells (Liang et al. 2018), sham-exposed BEAS-2B control cells were 

named as passage-matched (PM). 

Cell culture of primary bronchial epithelial cells  

Human primary bronchial epithelial cells (PBECs) (n = 4) were collected from tracheal tissue 

of transplant donors (non-COPD) from the University Medical Center Groningen. No further 

information was available from these donors. PBECs were grown on fibronectin/collagen 

pre-coated plates in keratinocyte serum-free medium (KSFM, Gibco) complemented with 0.2 
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ng/ml epidermal growth factor, 25 g/ml bovine pituitary extract and 1 M isoproterenol. 

Exposure to epigenetic inhibitors 

For the treatment of epigenetic inhibitors to Cd-transformed BEAS-2B cells, T20 cells were 

sham-exposed or challenged with 5−10 M of 5-Aza-dC or 1−3 M of MS-275, respectively, 

for 48 h. An equal amount of DMSO was added as control for both the treatments of 

5-Aza-dC and MS-275. Cells were harvested and subjected to immunoblot assay. 

For the exposure of epigenetic inhibitors to PBECs, PBECs were seeded onto precoated 

plates and sham-exposed or challenged with 5−10 M of 5-Aza-dC or 0.5−1 M of TSA, 

respectively, for 24 h when the cells were at 80% confluence. Cells were collected for RNA 

isolation and quantitative RT-PCR was performed to determine UCHL1 mRNA expression. 

2-DE-MS analyses 

To investigate the subproteome profiles of human bronchial epithelial cells upon chronic Cd 

exposure, subcellular proteins were isolated and applied for 2D-PAGE and MS analysis. The 

cytoplasmic, membrane, nuclear-soluble, chromatin-bound and cytoskeletal fractions were 

extracted from PM control and Cd-transformed BEAS-2B cells with the Subcellular Protein 

Fractionation Kit for Cultured Cells (Pierce Thermo Scientific, Rockford, IL) following the 

manufacturer’s protocol. For 2D-PAGE, subcellular fractions were further purified by 

employing the Plus One 2D Clean-Up kit (Bio-Rad). Equal amounts of subcellular proteins 

following clean-up were subjected to 2-D electrophoresis through Ettan IPG phor 3 IEF 

(isoelectric focusing) system (GE Healthcare) and Hoefer SE 600 electrophoresis units as 

previously described (Xu et al. 2019). After 2D gel electrophoresis, ImageScanner III from 

GE Healthcare was applied to scan the silver staining gels and PDQuest software from 

Bio-Rad was used to analyze the gel images and quantify the intensity of protein spots. Only 

spots with a fold change ≥ 1.3 and spots which either appeared or vanished were excised from 

the gels and applied for MS analysis.  

GO annotation and bioinformatic analysis 

Gene Ontology (GO) enrichment analysis was used to investigate the biological significance 

of differentially-expressed proteins identified from MS analysis using the Database for 
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Annotation, Visualization, and Integrated Discovery (DAVID) as previously described (Xu et 

al. 2019). All GO terms within the cellular component, molecular function, or biological 

process were arranged according to the –log10(p) values, which was considered to be 

significant when the –log10(p) level was more than 1.3 (which is p ≤ 0.05). 

RNA isolation and conditions for RT-PCR 

Total RNA from cells was isolated using TRIzol reagent (Thermo Fisher Scientific; 15596018) 

in accordance with the manufacturer’s instruction. cDNA synthesis was performed using 

PrimeScript Reverse Transcriptase (Takara, Dalian, China; 2680A) following the 

manufacturer’s protocol, supplemented with random hexamer primers. Expression of UCHL1 

in PM and T20 cells was measured using quantitative RT-PCR with gene-specific primers 

obtained from Beijing Genomics Institute (Shenzhen, China) and viewed by agarose gel 

electrophoresis. β-Actin was monitored as an loading control for RT-PCR. mRNA expression 

of UCHL1 in primary bronchial epithelial cells treated with epigenetic inhibitors were 

assessed by quantitative RT-PCR using an ABI ViiA7 real-time PCR system from Applied 

Biosystems with ABsolute qPCR SYBR Green (Thermo Scientific, Inc.). Fold changes in 

mRNA expression compared to control were calculated by comparative Ct method (2-ΔΔCt 

method) after normalization to GAPDH expression (Livak and Schmittgen 2001). At least 

three biological repeats were done for quantitative RT-PCR. Gene-specific primers used are 

listed at Table S2. 

Construction of plasmid and stable cell lines 

Human UCHL1 full-length cDNA (669 bp) was amplified from normal BEAS-2B cDNA and 

inserted into pcDNA4/HisMaxA at BamH I and Xba I sites to generate the 

pcDNA4/Xpress-UCHL1. The recombinant plasmids were validated by DNA sequencing 

from Beijing Genomics Institute.  

For the generation of stably UCHL1 expressing cells, pcDNA4-UCHL1 or its empty 

vector control were transfected into T20 cells via Lipofectamine 2000 (Invitrogen) following 

the manufacturer’s suggested instruction. At 24 h post-transfection, cells were selected with 

Zeocin for 14 days. The ectopic overexpression of UCHL1 was confirmed by immunoblot 

assay. 
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Immunoblot assay 

Briefly, equal amounts of proteins were resolved by proper percents of sodium dodecyl 

sulfate polyacrylamide gels and electrotransferred onto PVDF membranes. The membranes 

were blocked with 5% (w/v) non-fat dry milk in tris-buffered saline (TBS) and incubated 

with varieties of detection antibodies. Subsequently, the membranes were washed thrice with 

TBS containing 0.1% Tween 20 for 10 min and incubated with the indicated secondary 

antibodies. After washing, proteins were visualized with the chemiluminescence (Tanon 5200, 

Shanghai, China). The intensity of the target bands were quantified by Gel-Pro Analyzer 4 

and expressed as relative ratios. Each experiment was performed thrice independently and 

representative data are shown. 

Cell migration assays 

For the wound healing-based cell migration assay, equal numbers of cells from BEAS-2B 

stable cell lines were seeded into dishes and a wound was scratched using a pipette tip when 

the confluence of cells reached 90−95%. Subsequently, cells were washed with DPBS thrice 

to get rid of cell debris, then renewed with fresh LHC-9 growth medium and cultured for 

another 24 h. After incubation, migrated cells were photographed by phase-contrast 

microscope. The cell migration ability of the scratched wound field was measured by the 

Image Pro Plus software through subtracting the width (area/length) of the wound at 24 h 

from 0 h. 

For the transwell-based cell migration assay, the procedure was conducted as previously 

described (Liang et al. 2018). Briefly, cells suspended in LHC basic medium containing 10% 

LHC-9 complete growth medium were seeded into Costar Transwell chambers (Corning, NY) 

with 8.0 μm pore polyster membrane and the bottom well was placed with 600 μL LHC-9 

complete growth medium. After 40 h incubation, the inserts were washed with DPBS thrice 

and fixed with methanol for 20 min. The migrated cells were stained with crystal violet (10%) 

for 15 min while cells maintained in the transwell were wiped off using a cotton swab. The 

transwells were air-dried and then photographed using phase-contrast microscope. Five spots 

from each chamber were examined. The number of migrated cells was counted manually 

from five spots of each transwell. 
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Ubiquitin array analysis 

Ubiquitylation changes were determined in PM and T20 cells using the Human Ubiquitin 

Array Kit obtained from R & D Systems (Minneapolis, MN; ARY027). Analysis of 

ubiquitylation was conducted following the manufacturer’s protocols. In short, cells were 

harvested and washed with PBS after treatment and lysed with Lysis buffer 6. The cell 

extracts were resuspended and rotated for 30 min at 4°C, then microcentrifuged for 5 min, 

and the supernatant was subjected to protein quantification. The array membrane, provided 

from the kit, was incubated with blocking buffer for one hour on a shaker. The array 

membranes were then incubated with protein lysates at 4°C, overnight. After incubation, the 

membranes were rinsed with provided washing buffer, thrice, for 10 min. The array 

membranes were incubated with detection antibodies for 1 h and then washed thrice with 

washing buffer. Streptavidin-HRP solution was subsequently added to the array membranes 

and incubated for 30 min and the membranes were washed thrice with washing buffer. 

Protein spots on the array membrane were visualized through Chemi Reagent Mix provided 

in the kit. The grey intensity of each spot was determined via the ImageJ software and the 

fold change relative to PM control was adjusted by subtracting the averaged background 

signal. The corresponding list of antibodies is indicated in “Table S3”. 

Statistical analysis 

Statistical analysis was done using the GraphPad Prism® 8 software (GraphPad Software 

Inc.). Quantitative RT-PCR results are presented as means of biological repeats as indicated 

and analyzed using one-way ANOVA. Unless stated otherwise, the reproducibility was 

performed in at least thrice independently and one of the results was shown, as repeats 

showed similar trends. Two-tailed Student’s t-test was applied to analyze the significant 

differences. A p ≤ 0.05 was considered significant. 
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Results 

Subproteome profiles of Cd-transformed and passage-matched control cells 

Previously, epiproteome profiling of human bronchial epithelial BEAS-2B cells chronically 

exposed to CdCl2 was performed to identify the epigenotoxicity of chronic Cd exposure 

(Liang et al. 2018). In the current study, we continued to explore the proteome profiles of 

human bronchial epithelial cells exposed chronically to Cd. Since subcellular proteomics 

allows us to assess proteins more sensitively and specifically from organelles of interest (Tan 

et al. 2018), cells were firstly subjected to subcellular fractionation prior to electrophoresis. 

Each of the subcellular portions were analyzed via immunoblot with antibodies against each 

subcellular extraction, which include cytoplasmic (RELA), membrane (DMT-1), 

nuclear-soluble (SP1), chromatin-bound (histone H3) and cytoskeletal (cytokeratin 7). The 

results demonstrate that pure subcellular fractionation with low cross contamination was 

achieved, which allowed for the subsequent 2D PAGE analysis (Fig. S1).  

Next, the five subcellular protein samples extracted from PM and T20 cells were 

subjected to gel-based proteomics (Fig. S2a−e) and differentially expressed spots were 

identified by PD Quest software analysis, spots are shown in montage view (Fig. 1). Then, 

MS identification of aberrantly expressed protein spots were obtained after excision and 

trypsin-digestion. The 79 proteins identified based on database searching are shown in Table 

1 and the expression levels of each identified proteins between T20 and PM are summarized 

in Fig. 2 and Table S4. In general, there was marked up-regulation of glutathione 

S-transferases (GST, the enzyme involved in the glutathione metabolic process, like GSTP1 

and GSTO1), and altered expression of antioxidant enzymes (for example, SOD1, PRDX1 

and PRDX4), protein disulfide isomerase (PDI) gene family member (such as PDIA3 and 

P4HB/PDIA1), proteins associated with cell migration (such as vimentin, GSN, and CFL1) 

and heat shock proteins (HSP, such as HSP90B1 and heat shock protein 70 family members 

including HSPA5, HSPA8, HSPA9, and HYOU1). Moreover, several aberrantly expressed 

proteins between T20 and PM identified by MS were further confirmed by immunoblot 

analysis with whole cell lysates (Fig. S3), which showed a similar trend of expression 

(up/down-regulation) as in 2D electrophoresis, indicating that the results of the MS analysis 

are reliable. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/glutathione


The Role of UCHL1 in Cd-transformed bronchial epithelial cells 

 

53 
 

 

 

Figure 1. Montage view of 2D gel spots. Dysregulation of protein expression from five subcellular fractions 

between Cd-adapted and passage-matched BEAS-2B cells was assessed by two-dimensional PAGE and 

identified by MS analysis as shown in montage view. 
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Protein network analysis of differentially-expressed proteins from chronic Cd-exposed 

cells 

Next, GO enrichment analysis based on DAVID database was performed to analyze the 

differentially-expressed proteins between PM and T20. We found that the aberrantly- 

expressed proteins upon chronic Cd exposure were closely associated with the categories of 

cell-cell adherens junction, cell redox homeostasis, and ubiquitin protein ligases binding (Fig. 

3). Especially, the marked up-regulation of adherens junction-related proteins, such as PFN1, 

HSPA8, S100A11, LDHA, ANXA1, CLIC1, PRDX1, HSPA5, FLOT1 and MAPRE1, is 

likely to promote cell-cell/anchoring junction and further contribute to cell survival. 

Furthermore, the up-regulation of redox-associated proteins, such as GST family members 

(GSTP1 and GSTO1) and antioxidant enzymes (SOD1 and PRDX1) that are responsible for 

the detoxification of reactive oxygen species (ROS), are supposed to be involved in the 

maintenance of cell redox homeostasis upon chronic Cd exposure. Interestingly, decreased 

expression of proteins related to ubiquitin protein ligases binding, including UCHL1 and 

VCP (which contribute to substrate degradation through the ubiquitin-proteasome system), 

was found in T20 cells. These data suggest that various cell activities happened to maintain 

the cell homeostasis and struggle from cell death upon Cd stress. 

 

UCHL1 expression is correlated to cell migration 

The loss of tumor suppressor expression commonly occurs during the process of malignant 

transformation. Intriguingly, the expression of UCHL1 was down-regulated most 

dramatically in cytoplasmic and nuclear fractions in Cd-transformed BEAS-2B cells 

according to the Δ volume quantified by specialized PDQuest software from Bio-Rad (Fig. 2), 

also UCHL1 was decreased markedly in whole cell lysates (Fig. S3). Therefore, we focused 

on UCHL1 for further study. Since UCHL1 has been demonstrated as a tumor suppressor in 

several cancers because of its silencing (Mandelker et al., 2005; Okochi-Takada et al., 2006; 

Yamashita et al., 2006; Kagara et al., 2008; Tokumaru et al., 2008; Yu et al., 2008; Li et al., 

2010; Ummanni et al., 2011; Jin et al., 2013; Tian et al., 2013; Abdelmaksoud-Dammak et al., 

2016; Zhao et al., 2020), here we asked the possible role of UCHL1 silencing could play in 

the pathological process of chronic Cd exposure. As we previously described, T20 cells 
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exhibited EMT and enhanced cell migration (Liang et al. 2018). To investigate whether 

UCHL1 is a player in the enhanced T20 cell migration, we ectopically expressed UCHL1 

back in T20 cells and performed scratch/transwell assay on T20 mock and UCHL1 

transfected cells. We found that stable overexpression of UCHL1 in T20 cells dramatically 

decreased the number of migrated cells comparing to empty vector control as shown in both 

scratch assay (Fig. 4a, b) and transwell assay (Fig. 4c). These results are supportive of 

UCHL1 function in the suppression of cell migration. 

 

UCHL1 expression is correlated to EMT 

To further confirm the effects of UCHL1 on chronic Cd exposure-induced cell migration, 

immunoblot analysis of EMT markers was performed in T20 stably expressing UCHL1 cells. 

The EMT markers were assessed in PM and T20 cells first. As shown in Fig. 4d and Fig. S3, 

the expression of epithelial markers (E-cadherin, EpCAM, and KRT7) were reduced, while 

the expression of mesenchymal markers, like N-cadherin, integrin 1/3 as well as VIM, and 

S100A11, were increased strongly, which is consistent to our previous results (Liang et al. 

2018). Then, we examined the expression of EMT markers in T20 stably expressing UCHL1 

cells. The exogenous overexpression of UCHL1 suppressed mesenchymal marker expression, 

such as fibronectin, integrin 1, and vimentin (Fig. 4e). These results reveal that the 

deficiency of UCHL1 exacerbates Cd-transformed cell metastasis 

 



Chapter 3 

 

56 
 

 

Figure 2. The five dot plots showing the aberrant expression of a total of 79 spots (63 different protein 

types) from five subcellular fractions identified by 2-DE analysis. The expression level for each spot was 

quantified using PD Quest software and expressed in Δ volume (×10–3%) through subtracting PM from T20. 

Data were arranged from the lowest value to the highest (left to right) based on mean value as indicated. 

 

Figure 3. Bioinformatic analysis of 63 protein types by DAVID. Gene Ontology (GO) enrichment analysis 

was performed to analyze the identified proteins using DAVID. The –log10(p) level more than 1.3 (which is p ≤ 

0.05) was considered to be significant and included in this figure. All GO categories within the same molecular 

function or biological process were arranged according to the –log10(p) values. The number of proteins within 

each GO categories was labeled at the right side of each GO term. CC, cellular component; MF, molecular 

function; BP, biological process  
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.  

Figure 4. Influence of UCHL1 on the cell migratory ability of human lung epithelial cells. a The expression 

of UCHL1 in T20 mock cells and T20 stably expressing UCHL1 cells. Immunoblot analysis was used to 

measure the expression of UCHL1 using antibodies against UCHL1. b A wound was scratched in T20 mock 

cells and T20 stably expressing UCHL1 cells when the cell confluence reached 90−95% and medium were 

renewed with fresh LHC-9 medium. Photos were taken at 0 and 24 h under light microscope and the cell 

migration distance in the wound field was calculated by the Image Pro Plus software. c T20 mock and T20 

stably expressing UCHL1 cells were collected for transwell assay as described in methods section. The migrated 

cells were determined by counting five spots of each transwell and data are presented as mean ± S.D. d 

Immunoblot analysis of EMT markers on PM and T20 cells. Whole cell lysates were collected and extracted 
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from PM and T20 cells, respectively. The expressions of EMT markers were determined by immunoblot assay 

through probing with E-cadherin, EpCAM, KRT 7, N-cadherin, and integrin1/3 antibodies. e Immunoblot 

analysis of EMT markers on T20 mock cells and T20 transfected with UCHL1 cells. Whole cell lysates 

extracted from T20 mock cells and T20 stable expressing UCHL1 cells were subjected to immunoblot analysis 

using antibodies against fibronectin, integrin1, and vimentin. -Actin was used as a loading control. The 

intensity of the bands for each blot was quantified by Gel-Pro Analyzer. Results are expressed as one 

representative out of three independent repeats, * p ≤ 0.05; ** p ≤ 0.01 

 

Restoring UCHL1 expression by epigenetic inhibitors in T20 cells 

To explore how UCHL1 is dysregulated in Cd-transformed BEAS-2B cells and identify the 

transcriptional regulation of UCHL1, we first analyzed UCHL1 mRNA expression in PM and 

T20 cells by quantitative RT-PCR. Results show that mRNA expression of UCHL1 decreased 

significantly in T20 cells compared to PM (Fig. 5a), which is consistent with the protein level 

(Fig. S3). Since small-molecule epigenetic inhibitors are widely used to unravel the basic 

insights into epigenetic regulation and UCHL1 is consistently reported as silenced because of 

DNA methylation in the promoter, T20 cells were challenged with DNA methyltransferase 

inhibitor 5-Aza-dC. It is shown that T20 cells partially restored UCHL1 expression upon 

5-Aza-dC treatment by immunoblot analysis (Fig. 5b). To further explore the epigenetic 

modulation of UCHL1 expression, histone deacetylase (HDAC) inhibitors were used. 

Notably, with the treatment of MS-275, a selective inhibitor for HDAC1−3, T20 cells 

re-expressed more than 50% of UCHL1 expression (Fig. 5c). This indicates that permanent 

changes had occurred in T20 cells, in which UCHL1 is likely to be epigenetically silenced by 

chronic Cd exposure. In addition, the epigenetic effects on the expression of UCHL1 was also 

observed in primary bronchial epithelial cells. UCHL1 expression was up-regulated 5.5-times 

upon 5-Aza-dC treatment and 25-times with HDAC inhibitor TSA, a pan-HDAC inhibitor, 

compared with untreated control by quantitative RT-PCR (Fig. 5d, e), which indicated that 

the suppression of UCHL1 was likely resulted from DNA methylation and histone 

deacetylation. 
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Figure 5. Restoring UCHL1 expression by epigenetic inhibitors. a Expression of UCHL1 level in PM and 

T20 cells was amplified using quantitative RT-PCR (Left) and viewed by agarose gel images (Right). b-c 

Immunoblot analysis of UCHL1 level in T20 cells treated with epigenetic inhibitors. T20 cells were 

sham-exposed or challenged with 5−10 M of 5-Aza-dC b or 1−3 M of MS-275 c for 48 h, respectively. Cells 

were collected and subjected to immunoblot assay using UCHL1 antibody. -Actin was used as an internal 

control. The intensity of the bands for each blot were quantified by Gel-Pro Analyzer. d-e Quantitative RT-PCR 

analysis of UCHL1 expression in primary bronchial epithelial cells exposed to epigenetic inhibitors. PBECs 

were sham-exposed or treated with 5−10 M of 5-Aza-dC d or 0.5−1 M of TSA e for 24 h, respectively. 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 three d or four e independent repeats, * p 

≤ 0.05; ** p ≤ 0.01 
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Figure 6. Ubiquitylome analysis of PM and T20 cells. a Cell lysates extracted from PM and T20 cells were 

subjected to the human ubiquitin array kit following manufacturer’s instructions. Each dot represents the 

ubiquitylation level of an indicated protein detected by an anti-ubiquitin antibody. Data are shown in fold 

change normalized to PM. b Immunoblot analysis for verifying the expression level of some selected target 

proteins from a. Cell lysates extracted from PM and T20 cells were subjected to SDS-PAGE followed by 

immunoblot assay using antibodies against p53, IB-, cIAP-1 and CD44. -Actin was monitored as a loading 

control. The intensity of the bands for each blot were quantified by Gel-Pro Analyzer, * p ≤ 0.05 

 

Discussion 

We systematically examined for the first time the subproteome alterations in chronic 

Cd-challenged human bronchial epithelial cells in this study, and identified a total of 63 

differentially-expressed proteins between Cd-transformed and PM control cells. In particular, 

UCHL1 was dramatically down-regulated in Cd-transformed cells and the silencing of 

UCHL1 may be regulated by epigenetic mechanisms. Notably, the EMT phenotype of 
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Cd-transformed cells can be reverted through forced ectopic expression of UCHL1. We also 

explored the ubiquitylation changes upon chronic Cd exposure and results showed that 

perturbation of 23 ubiquitylated proteins was found in Cd-transformed cells. 

UCHL1, a member of the UCH family, functions to maintain ubiquitin balance by 

associating or releasing ubiquitin from cellular proteins through the proteasome pathway. 

UCHL1 was abundantly expressed in the neuronal tissues and involved in neurodegenerative 

diseases, but also found to be abnormally expressed in multiple cancers (Mandelker et al. 

2005; Okochi-Takada et al. 2006; Yamashita et al. 2006; Kagara et al. 2008; Tokumaru et al. 

2008; Yu et al. 2008; Li et al. 2010; Ummanni et al. 2011; Jin et al. 2013; Tian et al. 2013; 

Abdelmaksoud-Dammak et al. 2016; Liu et al. 2020; Zhao et al. 2020). Currently, the role of 

UCHL1 in tumorigenesis is controversial: it has been reported as either a tumor suppressor or 

an oncogene, which depends on the cancer types. DNA methylation in the UCHL1 promoter, 

leading to the silencing of UCHL1, has been frequently reported in several cancers, 

supporting the role of UCHL1 as a tumor suppressor, such as nasopharyngeal (Li et al. 2010; 

Tian et al. 2013; Zhao et al. 2020), esophageal (Mandelker et al. 2005), gastric (Yamashita et 

al. 2006), renal (Kagara et al. 2008), head and neck squamous cell carcinoma (Tokumaru et al. 

2008), hepatocellular (Yu et al. 2008), ovarian (Jin et al. 2013; Okochi-Takada et al. 2006), 

prostate (Ummanni et al. 2011) and colorectal cancers (Abdelmaksoud-Dammak et al. 2016). 

However, the function of UCHL1 in lung-related disease is ambiguous.  

Based on our results, the loss of UCHL1 expression in Cd-transformed cells likely 

contributed to the EMT phenotype, as ectopic expression of UCHL1 back in Cd-transformed 

cells effectively suppress the expression of EMT marker proteins and cell migration ability of 

these cells. These findings are consistent with a recent report showing that overexpression of 

UCHL1 significantly suppressed cell migration and invasion of nasopharyngeal carcinoma 

(Zhao et al. 2020). In addition, we demonstrated that UCHL1 was epigenetically silenced in 

the Cd-transformed cells. The silencing of UCHL1 was likely caused by DNA 

hypermethylation and histone deacetylation, since 5-Aza-dC and MS-275 could partially 

revert the expression of UCHL1 in T20 cells. Sufficient evidences have indicated that the 

silencing of UCHL1 is closely associated with DNA methylation in the promoter, but little is 

known about the effects of histone deacetylation on the regulation of UCHL1. In the current 

study, we found that UCHL1 could be re-expressed upon histone deacetylase inhibitor 
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MS-275 treatment, and this was also validated in primary bronchial epithelial cells exposed to 

TSA. Although these findings provide basic insights into the epigenetic regulation of UCHL1 

expression, the underlying epigenetic modulation of UCHL1 still needs further exploration.  

The silenced UCHL1 in T20 cells would lead to the perturbation of ubiquitin recycling 

and protein turnover in T20 cells. UCHL1 has been shown to both enhance or reduced the 

ubiquitylation level of proteins, a case in point is the ability of UCHL1 to ubiquitylate 

MDM2 but deubiquitylate p53 and p14ARF, which lead to MDM2 degradation but 

stabilization of p53 and p14ARF (Li et al. 2010). Although it is yet to be determined if there 

is a connection of UCHL1 to the ubiquitylation level of the other 62 protein types that we 

identified on 2DE gels as well as those examined EMT marker proteins in this work, we 

hypothesize that some of these targets are likely to be regulated by UCHL1, especially for 

those proteins that are known to be degraded through the proteasomal pathways. To further 

investigate if the reduced UCHL1 would lead to perturbed protein ubiquitylation levels, we 

utilized the ubiquitin protein array which can simultaneously detect the ubiquitylation levels 

of 49 well-known cellular proteins. From the antibody array results, we found that most of 

the protein targets had higher levels of ubiquitylation, which would likely correlate with 

enhanced turnover/degradation of these proteins. This assumption can be proven by  the 

results obtained from subsequent immunoblot analysis, which is in agreement of the fact that 

protein targets on the antibody array with higher ubiquitylation level correspond with reduced 

protein amounts, such as the tumor suppressor p53. Overall, we believe that Cd, by epigenetic 

silencing of UCHL1, would likely lead to perturbation of a spectrum of proteins inside the 

cells. It will be tempting to further study the ubiquitylome of T20 cells to see how many 

ubiquitylated proteins are affected as a result of chronic Cd exposure.  

In summary, we believe that UCHL1 is a master regulator of protein turnover in the cells 

and it is unprecedented that chronic Cd exposure would lead to epigenetic silencing of 

UCHL1 (Fig. 7). Our data report for the first time that UCHL1 may play a function in the 

suppression of EMT in Cd-transformed human lung epithelial cells. Therefore, restoring the 

expression of UCHL1 might be beneficial for targeting those cancers (e.g., Cd-induced lung 

cancers) with silenced UCHL1 expression.  
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Figure 7. A model of Cd action based on our data is presented. Chronic exposure of normal human bronchial 

epithelial BEAS-2B cells to CdCl2 can lead to perturbation of cellular subproteomes and ubiquitylome, causing 

the aberrant levels of tumor suppressors and oncogenes. UCHL1 may play a function in the suppression of EMT 

in human lung epithelial cells, indicating that UCHL1 might be a new therapeutic target for chronic Cd-induced 

carcinogenesis 
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Supplementary material 

Table S1 A list of antibodies used for immunoblot analysis in this study 

Antibody Manufacturer Catalog number 

cIAP1 GeneTex GTX110087 

E-cadherin GeneTex GTX100443 

EpCAM GeneTex GTX113091 

Fibronectin GeneTex GTX112794 

GAPDH GeneTex GTX100118 

Integrin β1 GeneTex GTX128839 

N-cadherin GeneTex GTX112733 

S100A11 GeneTex GTX100698 

UCHL1 GeneTex GTX109637 

Vimentin GeneTex  GTX629743 

CLIC1  Santa Cruz Biotechnology sc-374202 

DLD  Santa Cruz Biotechnology sc-365977 

DMT-1 Santa Cruz Biotechnology sc-166884 

GSN  Santa Cruz Biotechnology sc-514502 

H3 Santa Cruz Biotechnology sc-8654 

HSP90B1  Santa Cruz Biotechnology sc-32249 

p53 Santa Cruz Biotechnology sc-6243 

PDIA3  Santa Cruz Biotechnology sc-23886 

SP1 Santa Cruz Biotechnology sc-17824 

Keratin (KRT7) Cell Signaling Technology 4465 

Integrin β3 Cell Signaling Technology 13166 

RELA Cell Signaling Technology 8242 

CD44 ABclonal Technology A1351 

-Actin Sigma-Aldrich A5441 

Xpress Invitrogen 46-0528 

IB-α BBI Life Sciences AB20138a 

 

Table S2 Gene-specific primers used in this study 

Gene Forward (5’-3’) Reverse (5’-3’) 

UCHL1 TTCCTGTGGCACAATCGGAC CATCTACCCGACATTGGCCTT 

GAPDH CCACATCGCTCAGACACCAT GCGCCCAATACGACCAAAT 

-Actin ATGGGTCAGAAGGATTCCTATGTG CTTCATGAGGTAGTCAGTCAGGTC 
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Table S3 Human Ubiquitin Array coordinates 

Coordinate  Target/Control Gene 

ID 

Alternate Nomenclature 

A1, A2 Reference Spots NA RS 

A5, A6 A20 7128 OTUD7C, TNFA1P2, TNFAIP3 

A7, A8 ATF4 468 TAXREB67,TXREB 

A9, A10 Bcl-2 596 - 

A11, A12 -TrCP1 8945 BTRC, BTRCP, E3RSIkappaB, FBW1A, FBXW1A, FWD1 

A13, A14 Caspase-8 841 CASP8, MCH5, FLICA, MACH1 

A15, A16 CBL 867 CBL2, RNF55 

A17, A18 Cyclin D1 NA RS 

A19, A20 CD44 595 Bcl-1, CCND1, PRAD1 

A23, A24 Reference Spots 960 ECMR-III, HCELL, LHR, MDU2, MDU3, MIC4, HUTCH-I, Pgp1 

B1, B2 cIAP-1 329 BIRC2, HIAP-2, MIHB 

B3, B4 cIAP-2 330 BIRC3, HIAP-1, MIHC 

B5, B6 COX-2 5743 PGHS-2, PHS-II, PTGS2 

B7, B8 EGFR 1956 ErbB, ErbB1, HER1 

B9, B10 ER- 2099 ESR1, NR3A1 

B11,B12 ErbB2 2064 CD340, HER2, Neu Oncogene, NGL, TKR1 

B13, B14 ErbB3 2065 HER3 

B15, B16 ErbB4 2066 HER4 

B17, B18 Fatty Acid Synthase 2194 FAS, FASN 

B19, B20 F-box protein 15 201456 FBXO15, FBX15 

B21, B22 FBXW7 55294 AGO, Cdc4, FBW6, Fbw7, FBX30, FBXO30, FBXW6, SCF(Fbw7); SEL10 

B23, B24 FGFR2 FGFR2 2263 α and β isoforms 

C1, C2 HGFR 4233 c-MET, MET 

C3, C4 HIF-1 3091 HIF1A 

C5, C6 HSP70 3303 HSP70-1A, HSP72, HSPA1A 

C7, C8 HSP90 3320 HSP90A, HSP90AA1, HSP90N, HSPC1, HSPCA, HSPCAL1, HSPCAL4, HSPN 

C9, C10 IGF-1 R 3480 CD221, IGF1R 

C11, C12 IB- 4792 MAD-3, NFKBIA 

C13, C14 IB- 4794 NFKBIE, IKBE 

C15, C16 IKK 8517 FIP3P, IKBKG, IKKAP1, NEMO 

C17, C18 Insulin R 3643 CD220, INSR 

C19, C20 IRAK1 3654 Pelle 

C21, C22 IRF3 3661 - 

C23, C24 IRS1 3667 - 

D1, D2 M-CSF R 1436 CD115, c-fms, CSF1R 

D3, D4 MSPR 4486 CD136, MST1R, Ron 

D5, D6 Nrf2 4780 NFE2L2 

D7, D8 NIK 9020 FTDCR1B, HSNIK, MAP3K14 

D9, D10 p21 1026 CDKN1A, CIP1 

D11, D12 p53 7157 BCC7, LFS1, TP53, TRP53 

D13, D14 PDGF Rα 5156 CD140a, PDGFRA 

D15, D16 PDGF Rβ 5159 CD140b, PDGFRB 

D17, D18 RIP1 8737 RIPK1 

D19, D20 SCF R 3815 CD117, c-Kit 

D21, D22 TfR 7037 CD71, TFR1, TFRC, TRFR 

D23, D24 TNF R1 7132 CD120a, TNFRSF1A 

E1, E2 TRAF-2 7186 TRAP3 

E3, E4 TRAF-3 7187 CAP1, CD40bp, CRAF1, LAP1 

E5, E6 TRAF-6 7189 RNF85 

E7, E8 TrkA 4914 NTRK1, NTRK-1 

E9, E10 VEGF R3 2324 FLT4, Flt-4 

F1, F2 Reference Spots NA RS 

F23, F24 Negative Control NA Controls (-) 
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Table S4 Normalized protein spot volumes of cadmium-transformed BEAS-2B cells to 

passage-matched control  

  Volume (mean±SD)     P-value 

Protein 
Passage-matched 

control (PM) 

Cadmium-transformed 

BEAS-2B (T20) 
PM vs T20 

Cytoplasmic 

UCHL1 63.8±2.7 14.0±1.2 0.000008 

GART 14.0±0.4 6.3±0.6 0.00005 

STMN1 6.6±0.8 15.8±1.8 0.001269 

VIM 6.2±1.1 16.9±0.8 0.000168 

RPLP0 9.4±1.6 26.4±2.4 0.000519 

ANXA1 18.2±2.4 44.0±0.8 0.00006 

EEF1B2 23.1±2.6 50.3±1.4 0.00009 

Membrane 

VCP 29.5±2.3 7.4±0.7 0.000091 

P4HB 25.3±1.3 4.1±0.3 0.00001 

RPSA 28.2±1.9 8.3±0.9 0.000081 

PDIA3 23.5±1.7 7.2±0.9 0.000125 

HSPA9 17.0±1.9 1.0±0.4 0.00014 

PRDX4 23.1±1.3 7.3±0.7 0.00005 

C19orf10 17.0±0.9 5.9±0.6 0.000059 

HYOU1 12.9±1.1 2.9±0.6 0.000159 

HSP90B1 4.7±0.5 0.9±0.2 0.000257 

BLVRB 0.6±0.3 4.0±1.1 0.006675 

PSMB1 2.5±0.3 6.4±0.5 0.000317 

APRT 2.8±0.3 6.9±0.4 0.000143 

COTL1 1.3±0.3 5.7±0.6 0.000342 

DCAF8 2.5±0.4 7.1±0.6 0.000382 

COPB1 0.4±0.2 5.8±0.4 0.000031 

PEBP1 2.9±0.5 8.5±0.8 0.000505 

ANXA1 1.9±0.4 8.8±0.6 0.000078 

FABP5 3.6±0.7 10.8±1.3 0.001076 

CFL1 5.1±0.8 12.3±0.9 0.000491 

ESD 4.8±0.7 12.6±0.9 0.00029 

AHCY 2.8±0.5 10.8±1.1 0.00033 

ACAT2 4.8±1.1 13.0±0.8 0.000475 

FKBP1A 3.8±0.4 12.6±1.1 0.000201 

LAP3 6.5±0.6 16.0±1.3 0.000327 

GSTO1 4.8±0.6 14.5±1.2 0.000234 

SOD1 5.1±0.6 16.1±1.1 0.000109 

HSPA8 11.2±0.7 23.4±1.1 0.000085 

PSAT1 5.7±0.6 19.6±1.3 0.000073 



The Role of UCHL1 in Cd-transformed bronchial epithelial cells 

 

69 
 

TKT 9.8±1.1 24.2±1.6 0.000212 

CLIC1 4.5±0.4 19.3±1.4 0.000061 

GAPDH 5.5±0.7 22.3±1.4 0.000049 

HINT1 9.2±0.7 26.2±2.4 0.000297 

PRDX1 6.4±0.7 26.4±1.6 0.000038 

GSTP1 18.4±1.5 39.4±2.7 0.000298 

VIM 9.7±1.2 33.9±1.8 0.000042 

LDHA 7.0±0.4 34.5±2.1 0.000024 

HSPA8 5.6±0.7 36.5±2.4 0.000028 

MTUS2 7.7±0.6 40.1±3.2 0.000066 

PFN1 4.9±1.1 41.5±3.2 0.000048 

Nuclear-soluble 

UCHL1 17.4±1.2 5.4±0.5 0.000089 

DLD 17.9±1.0 7.5±0.4 0.000075 

EIF1B 13.5±0.7 5.8±0.3 0.000062 

CORO1A 9.9±0.4 4.8±0.3 0.00006 

NDUFV2 8.3±0.4 3.8±0.4 0.000161 

HNRPQ 4.5±0.3 2.1±0.3 0.000608 

ACAT2 1.9±0.5 4.7±0.6 0.003422 

MVP 2.2±0.4 5.1±0.3 0.000552 

GSN 0.9±0.4 4.2±0.7 0.00209 

RUVBL2 4.7±0.3 10.4±0.6 0.000124 

PFN1 4.3±0.3 10.3±0.5 0.000058 

TCP1 5.4±0.5 13.2±0.6 0.000066 

MAPRE1 4.8±0.7 13.6±1.2 0.000392 

GLRX3 8.7±0.6 19.8±1.7 0.000438 

GSTO1 4.9±0.6 16.2±0.8 0.00004 

S100A11 2.7±0.4 14.4±0.8 0.000022 

VIM 5.5±0.8 22.5±2.4 0.000311 

CLIC1 10.9±1.2 28.3±1.5 0.000096 

GSTP1 14.4±1.7 38.9±2.8 0.000205 

GRWD1 10.9±0.8 38.0±2.5 0.000057 

Chromatin-bound 

SNRPA 111.8±7.9 38.6±3.5 0.000126 

HSPA5 9.5±1.4 31.9±3.9 0.000725 

NPM1 69.2±5.3 149.9±11.4 0.000372 

Cytoskeletal 

FLOT1 5.3±0.9 15.1±1.2 0.000348 

VDAC2 3.4±0.7 16.0±1.3 0.000122 

ATP5B 12.5±3.1 28.3±3.7 0.004774 

VIM 14.1±1.6 60.2±3.5 0.000032 

VIM 11.4±1.1 61.8±2.4 0.000005 

TOMM40 11.6±1.3 65.5±5.7 0.00009 
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VIM 12.7±2.6 67.3±8.2 0.000389 

VIM 36.5±4.5 120.8±8.2 0.000098 

VIM 17.2±2.3 114.2±4.7 0.000006 

VDAC2 70.3±6.7 187.0±10.4 0.000082 

 

 

 
Fig. S1 Purity of subcellular proteins extracted from BEAS-2B cells. Proteins from the five subcellular 

fractions were assessed by immunoblot assay using various representative subcellular marker proteins including 

nuclear factor NF-kappa-B p65 subunit (RELA), divalent metal transporter 1 (DMT-1), transcriptional factor 

SP1, histone H3 (H3), and keratin 7 (KRT7). 

 

 

Fig. S2 Two-dimensional gel image of subcellular fractionation between cadmium-sensitive and cadmium- 

adapted BEAS-2B cell visualized by silver staining. Dysregulated proteins are indicated by arrows and 

identified by MS. (a) Cytoplasmic fraction; (b) Membrane fraction; (c) Nuclear-soluble fraction; (d) Chromatin- 

bound fraction; (e) Cytoskeletal fraction. (Data not shown) 
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Fig. S3 Immunoblot analysis for validation of selected MS-identified spots. The differential expression of 

several selected protein was confirmed by immunoblot using whole cell lysates. The immunoblot analysis was 

performed using antibodies against CLIC1, VIM, S100A11, GSN, UCHL1, HSP90B1, PDIA3 and DLD. 

β-Actin was monitored as a loading control.
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