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Abstract

Arsenic contamination in food and groundwater constitutes a public health concern for more than 

200 million people worldwide. Individuals chronically exposed to arsenic through drinking and 

ingestion exhibit a higher risk of developing cancers and cardiovascular diseases. Nevertheless, 

the underlying mechanisms of arsenic toxicity are not fully understood. Arsenite is known to 

bind to and deactivate RING finger E3 ubiquitin ligases; thus, we reason that a systematic 

interrogation about how arsenite exposure modulates global protein ubiquitination may reveal 

novel molecular targets for arsenic toxicity. By employing liquid chromatography-tandem mass 

spectrometry, in combination with stable isotope labeling by amino acids in cell culture (SILAC) 

and immunoprecipitation of di-glycine-conjugated lysine-containing tryptic peptides, we assessed 

the alterations in protein ubiquitination in GM00637 human skin fibroblast cells upon arsenite 

exposure at the entire proteome level. We observed that arsenite exposure led to altered 

ubiquitination of many proteins, where the alterations in a large majority of ubiquitination events 

are negatively correlated with changes in expression of the corresponding proteins, suggesting 

their modulation by the ubiquitin-proteasomal pathway. Moreover, we observed that arsenite 

exposure confers diminished ubiquitination of a rate-limiting enzyme in cholesterol biosynthesis, 

HMGCR, at Lys248. We also revealed that TRC8 is the major E3 ubiquitin ligase for HMGCR 

ubiquitination in HEK293T cells, and the arsenite-induced diminution of HMGCR ubiquitination 

is abrogated upon genetic depletion of TRC8. In summary, we systematically characterized 

arsenite-induced perturbations in a ubiquitinated proteome in human cells and found that the 

arsenite-elicited attenuation of HMGCR ubiquitination in HEK293T cells involves TRC8.
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Graphical Abstract

INTRODUCTION

Being a metalloid, arsenic is ubiquitously present in soil and groundwater.1 Arsenic species 

can be brought to the earth’s surface through volcano eruption, rendering the surrounding 

environment rich in arsenic.2 In water, inorganic arsenic species are dominant over organic 

arsenic species, and human exposure to inorganic arsenicals constitutes a major public 

health concern,3 where arsenic exposure is strongly associated with the development of 

many human diseases, including cancer.4,5

The mechanisms of arsenic toxicity have caught researchers’ attention for several decades. 

Recent studies revealed that As(III) is able to interact with cysteine sulfhydryl groups in 

zinc finger motifs of proteins, including RING finger-containing E3 ubiquitin ligases;6–16 

these latter interactions impair the capability of these ligases to ubiquitinate their substrate 

proteins.10–12,15–17

Ubiquitination represents one of the most important types of post-translational modifications 

in proteins and it plays significant roles in regulating protein–protein interactions, 

signal transduction, protein degradation, etc.18,19 The ubiquitination process involves the 

conjugation of ubiquitin to the side chain of lysine residue(s) in substrate proteins, which is 

mediated by sequential actions of ubiquitin-activating enzymes (E1s), ubiquitin-conjugating 

enzymes (E2s), and ubiquitin ligases (E3s).18,19 The 76-amino-acid protein ubiquitin itself 

can also be ubiquitinated on the N-terminus or one of its seven lysine residues, producing 

diverse polyubiquitin chains with complex topologies.20

Over the past several decades, researchers have used mass spectrometry in combination 

with other techniques to identify ubiquitination sites in proteins. In most cases, researchers 

ectopically overexpressed affinity-tagged ubiquitin in cells and immunoprecipitated 

ubiquitinated proteins for mass spectrometric analysis.21,22 However, identification of 

ubiquitinated proteins with these methods is challenging owing to the low stoichiometry 

in protein ubiquitination. The disadvantages of these methods also arise from sample 

complexity, where both ubiquitinated and nonubiquitinated peptides are present in samples 

after proteolytic cleavage.23 This may lead to a poor coverage of ubiquitinated peptides and 

a low signal-to-noise ratio for low-abundance ubiquitinated peptides because the samples are 

often overwhelmed with nonubiquitinated peptides. Therefore, comprehensive identification 
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of ubiquitination sites in the whole proteome entails selective enrichment of ubiquitinated 

peptides.

Substantial progress has been made toward the development of antibodies that specifically 

recognize the di-glycine remnant on lysine (i.e., K-ε-GG) generated from tryptic 

digestion of proteins harboring ubiquitinated lysine residues.24–27 These peptides can be 

immunoprecipitated from trypsin digestion mixtures using the K-ε-GG antibodies, which 

enables the identification of ubiquitination sites in the whole proteome using LC-MS and 

MS/MS (Figure 1a).27,28

In the present study, we analyzed systematically the arsenite-elicited alterations in the 

ubiquitinated proteome of cultured human cells by using SILAC (stable isotope labeling 

by amino acids in cell culture)-based metabolic labeling,29 immunoprecipitation with the 

K-ε-GG antibody, and LC-MS/MS analysis.27,28 We were able to detect 1248 ubiquitination 

sites, among which the ubiquitination level of Lys248 in HMGCR exhibited a fourfold 

diminution upon arsenite treatment. We also demonstrated that arsenite targets the TRC8 E3 

ubiquitin ligase to inhibit HMGCR ubiquitination in HEK293T cells.

EXPERIMENTAL SECTION

Plasmid Construction.

Total RNA was extracted from HEK293T human embryonic kidney epithelial cells using 

the E.Z.N.A. Total RNA Kit I (Omega, Norcross, GA) and used as a template to construct 

the cDNA library by reverse transcription. The coding sequence of the HMGCR gene was 

PCR-amplified from the cDNA library and subsequently ligated into the BamHI/XbaI sites 

of the pCDNA3.0 vector to yield the pCDNA3.0-HMGCR-Flag plasmid. The constructs 

were confirmed by Sanger sequencing. The plasmid for expressing HA-tagged ubiquitin was 

obtained from Addgene (Plasmid #18712).

The designed inserts for the construction of pLKO.1 vectors for the shRNA knockdown of 

GP78, HRD1, MARCH6, and TRC8 genes were annealed, phosphorylated, and ligated to 

the dephosphorylated EcoRI/AgeI sites of the pLKO.1 vector (Addgene, Plasmid #10878). 

The shRNA sequences are listed in Table S1, and the constructed plasmids were again 

validated by Sanger sequencing.

Cell Culture and Transfection.

HEK293T and GM00637 cells were cultured in six-well plates in Dulbecco’s modified 

Eagle medium (DMEM, ATCC, Manassas, VA) containing 10% fetal bovine serum (FBS, 

Invitrogen, Waltham, MA) and 100 U/mL penicillin and streptomycin, and the cells were 

maintained at 37 °C in a humidified cabinet containing 5% CO2. Typically, 1 μg of 

the expression or shRNA plasmid was transfected into one well of cells with 5 μL of 

Lipofectamine 2000 (Thermo Fisher, Waltham, MA).

SILAC Labeling and As(III) Treatment.

GM00637 cells were cultured in a light or heavy RPMI 1640 medium. The heavy medium 

contained [13C6,15N2]-L-lysine (K8) and [13C6]-L-arginine (R6) instead of their unlabeled 

Jiang and Wang Page 3

Chem Res Toxicol. Author manuscript; available in PMC 2023 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



counterparts. The cells were cultured in the heavy medium for at least 10 days, with a 

labeling efficiency of >95% as confirmed by LC-MS/MS analysis. The cells were then 

cultured for 24 h in the heavy medium containing 5 μM As(III) or mock-treated in the light 

medium (forward SILAC), and vice versa (reverse SILAC), followed by a 1 h treatment with 

5 μM MG132. The light- and heavy-labeled cells were harvested and the whole-cell lysates 

were combined at a 1:1 ratio (by mass).

Immunoprecipitation of Ubiquitin Remnant Peptides.

A mixture of 10 mg of the light and heavy protein lysates was reduced with dithiothreitol 

and alkylated with iodoacetamide, followed by an overnight digestion with trypsin at an 

enzyme/substrate mass ratio of 1:50. The tryptic peptides were subjected to a Sep-Pak C18 

column (Waters) for sample desalting and purification, following published procedures.28 

The eluted peptides after desalting were subsequently incubated with the antibody 

provided in the PTMScan Ubiquitin Remnant Motif (K-ε-GG) Kit (Cell Signaling). The 

immunoprecipitated peptides were eluted with 0.15% trifluoroacetic acid, desalted with 

ZipTip (EMD Millipore), and subjected to LC-MS/MS analysis.

LC-MS/MS Analysis of Ubiquitinated Peptides and Database Search.

The samples were analyzed on a Q-Exactive Plus Hybrid Quadrupole-Orbitrap mass 

spectrometer coupled with an EASY-nLC1200 (Thermo Fisher Scientific, San Jose, CA) 

in a data-dependent acquisition mode, where the 20 most abundant ions observed in MS 

were selected for MS/MS analyses. Mobile phases A and B contained 0.1% formic acid in 

water and 0.1% formic acid in acetonitrile, respectively. The flow rate was 230 nL/min, and 

the gradient included: 0 min, 0% B; 5 min, 9% B; 155 min, 39% B; 156 min, 88% B; 166 

min, 95% B; and 181 min, 95% B.

Full-scan MS was acquired in the Orbitrap mass analyzer in the m/z range of 200–1200 

with a resolution of 35 000 at m/z 200. The twenty most abundant ions were fragmented in 

the HCD collision cell, and full-scan MS/MS were recorded in the Orbitrap mass analyzer 

with a resolution of 17 500 at m/z 200. The maximum injection time for full-scan MS and 

MS/MS was 100 ms and 75 ms, respectively. The mass spectrometry proteomics data have 

been deposited to the ProteomeXchange Consortium via the PRIDE30 partner repository 

with the dataset identifier PXD035401.

The raw LC-MS and MS/MS data were subjected to search using Maxquant31 for protein 

identification against the FASTA human whole proteome database with a false discovery 

rate of 0.01. Trypsin was chosen as the digestion enzyme, where di-Gly modification on 

lysine and carbamidomethylation of cysteine were set as variable and fixed modifications, 

respectively. A cutoff ratio of 1.5 was imposed to consider a change in the peptide 

ubiquitination level to be substantial.

Western Blot for Monitoring HMGCR Expression and Ubiquitination.

HEK293T cells were exposed to increasing concentrations of As(III) for 24 h. The cells 

were then harvested, lysed, and subjected to SDS-PAGE analysis. The proteins were 

subsequently transferred to a nitrocellulose membrane and probed for HMGCR and β-
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actin, with the use of anti-HMGCR (1:5000) and anti-actin (1:10 000) (Abcam) primary 

antibodies, respectively.

In parallel, the cells were co-transfected with 1 μg of HMGCR-Flag and 500 ng of HA-

ubiquitin plasmids for 24 h and subsequently treated with 5 μM As(III) for 24 h, followed by 

incubation with 5 μM MG132 for 2 h. The cells were then lysed, and 80 μg of the whole-cell 

lysate was incubated overnight with 30 μL anti-Flag M2 magnetic beads (Thermo Fisher). 

After washing the beads with 1× PBS three times, the bound proteins were eluted with 1× 

SDS loading buffer at 95 °C for 5 min. The eluted proteins were subjected to SDS-PAGE 

separation and probed with the anti-HA (1:10 000) primary antibody to detect HMGCR 

ubiquitination.

RESULTS

Identification and Quantification of Ubiquitinated Peptides by LC-MS/MS.

We set out to investigate how arsenite exposure affects protein ubiquitination at the whole 

proteome level. Toward this end, we developed a workflow relying on SILAC-based 

metabolic labeling, enrichment of the ubiquitin remnant peptides by immunoprecipitation, 

and LC-MS/MS analysis. Briefly, we treated SILAC-labeled GM00637 cells with 

5.0 μM arsenite for 24 h, digested the whole-cell protein lysate with trypsin, and 

immunoprecipitated K-ε-GG-containing peptides from the tryptic digestion mixture. The 

samples were subsequently subjected to LC-MS/MS analysis in the data-dependent 

acquisition mode, and the raw data were searched against the FASTA human whole 

proteome database using Maxquant (Figure 1a). In this vein, U.S. Environmental Protection 

Agency set the maximum contaminant level of arsenic in public drinking water at 10 

ppb (~0.13 μM); however, the concentrations of arsenic in ground water in private wells 

in many areas of the U.S. and elsewhere in the world exceed that level.1 In addition, 

humans are often exposed to arsenic-contaminated water for decades. To understand the 

molecular mechanisms through which arsenic exposure elicits adverse human health effects 

in a laboratory setting and to accommodate the needs of SILAC-based metabolic labeling, 

we chose to employ the above-mentioned treatment conditions.

The LC-MS/MS results led to the identification of 1248 K-ε-GG-containing peptides 

originating from 570 proteins and the quantification of 1086 site-specifically ubiquitinated 

peptides derived from 532 proteins. Among them, 193 ubiquitinated peptides from 130 

proteins and 247 ubiquitinated peptides from 152 proteins were substantially down- and 

up-regulated (by at least 1.5-fold), respectively, upon a 24 h exposure to 5.0 μM sodium 

arsenite, underscoring substantial alterations in the ubiquitinated proteome by arsenite 

exposure (Figure 1b). Figure 1c,d displays the quantification results for 25 proteins with the 

most pronounced decreases and increases, respectively, in ubiquitination levels after arsenite 

treatment. Among these proteins, the As(III)-induced diminution in monoubiquitination of 

endogenous FANCD2 was previously confirmed by Western blot analysis,11 suggesting the 

robustness of the quantitative proteomic approach.

We previously examined, at the entire proteome scale, the alterations in expression of 

proteins in GM00637 cells under the same arsenite treatment conditions.32 A correlation 
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analysis of the two datasets revealed that the fold changes in ubiquitination levels are 

negatively correlated with the fold changes in expression levels of the corresponding 

proteins (Figure 2), suggesting that a large fraction of ubiquitination events leads to 

proteasomal degradations of the corresponding proteins. Along this line, it is worth noting 

that our method, relying on analyzing K-ε-di-Gly remnant-containing peptides, cannot 

distinguish mono- from poly-ubiquitination or different topologies of ubiquitination from 

each other.

Since we are particularly interested in arsenite-mediated inhibition of ubiquitination, we 

conducted a KEGG pathway and functional category analyses for all of the 130 proteins 

from which the down-regulated ubiquitinated peptides were identified. These analyses 

revealed the role of arsenite in inducing diminished ubiquitination of proteins involved 

in the cholesterol synthesis pathway (Tables 1 and 2). In this vein, we identified six 

cholesterol synthesis-related proteins, including HMGCR, which is the rate-limiting enzyme 

in cholesterol biosynthesis (Table 2).33

Arsenite Exposure Leads to Diminished Ubiquitination and Proteasomal Degradation of 
HMGCR.

We were also able to identify the Lys248-ubiquitinated peptide from HMGCR using LC-

MS/MS analysis (Figure 3a,c). The relative abundance of this K-ε-GG-containing peptide 

was found to be decreased by ~73.4% upon a 24 h exposure of GM00637 cells to 

5.0 μM arsenite (Figure 3b). Hence, arsenite exposure confers a significantly attenuated 

ubiquitination of Lys248 in HMGCR, which is thought to be important for eliciting the 

proteasomal degradation of the protein.34

To substantiate the above finding, we also monitored the total ubiquitination level of 

HMGCR by using immunoprecipitation followed by Western blot analysis. To this end, 

we transfected HEK293T cells with plasmids for the ectopic expression of HMGCR-Flag 

and HA-ubiquitin and then treated the cells with different concentrations of arsenite. The 

cells were subsequently treated with MG132 to inhibit the proteasomal degradation of 

ubiquitinated proteins, and HMGCR-Flag was immunoprecipitated using anti-Flag M2 

magnetic beads. The Western blot results showed that the levels of HMGCR ubiquitination 

exhibited a dose-dependent diminution upon arsenite treatment (Figure 4a).

It is well established that ubiquitination results in the proteasomal degradation of 

HMGCR.35 Thus, we next explored if the arsenite-mediated inhibition of HMGCR 

ubiquitination gives rise to its stabilization. To this end, we measured basal levels of 

HMGCR proteins in HEK293T cells after exposure to different doses of arsenite (Figure 

4b,c). The Western blot results showed a dose-dependent increase in the level of HMGCR 

proteins in cells, substantiating that the diminished ubiquitination of HMGCR by arsenite 

confers stabilization of the protein.

Arsenite Perturbs HMGCR Ubiquitination in HEK293T Cells through TRC8.

Having demonstrated that arsenite negatively regulates the ubiquitination of HMGCR 

proteins in cells, we next explored the underlying mechanism. To this end, we first 

investigated which E3 ubiquitin ligase is responsible for HMGCR ubiquitination in 
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HEK293T cells. The level of HMGCR ubiquitination is tightly regulated under basal 

conditions, where ubiquitination serves as a signal for the proteasome-mediated degradation 

of HMGCR.36–39 Several E3 ubiquitin ligases were previously documented to ubiquitinate 

HMGCR, including GP78, TRC8, MARCH6, and HRD1.36–39 Thus, we examined the roles 

of these four E3 ubiquitin ligases in HMGCR ubiquitination in HEK293T cells by knocking 

down their expression levels using shRNAs and subsequently monitoring the ubiquitination 

level of HMGCR.

To better detect ubiquitination of HMGCR, we ectopically expressed Flag-tagged HMGCR 

and HA-tagged ubiquitin in HEK293T cells and treated the transfected cells with MG132 to 

stabilize ubiquitinated HMGCR. After immunoprecipitating HMGCR-Flag using anti-Flag 

M2 magnetic beads, we monitored HMGCR ubiquitination by Western blot analysis. In 

this vein, RT-qPCR results showed that the expression levels of all four E3 ligases were 

depleted by approximately 75% upon treatment with the corresponding shRNA (Figure 5a). 

We observed a significant decrease in HMGCR ubiquitination only upon knockdown of 

TRC8, but not any of the other three E3 ligase genes, underscoring that TRC8 constitutes the 

major E3 ubiquitin ligase for HMGCR ubiquitination in HEK293T cells (Figure 5b).

We next asked if TRC8 is responsible for the arsenite-mediated inhibition of HMGCR 

ubiquitination and degradation. Our results showed that the arsenite-elicited diminution 

in HMGCR ubiquitination was abrogated in HEK293T cells transfected with shTRC8, 

revealing the critical role of TRC8 in arsenite-mediated perturbation of HMGCR 

ubiquitination (Figure 5c).

DISCUSSION

Human exposure to arsenic species through drinking water is a widespread public health 

concern, and exposure to arsenic is associated with the development of different human 

diseases, including cancer.4,5 Several mechanistic models have been proposed for arsenic 

carcinogenesis,40 among which the interaction between arsenic and cysteine residues in 

proteins has gained increasing attention in recent years.6,41 Prior studies showed that the 

binding of As(III) to RING finger E3 ubiquitin ligases could compromise the ubiquitination 

of their substrate proteins.10–12,15–17 There are many RING finger E3 ubiquitin ligases,42 

and it was unclear whether other E3 ligases are also targeted by As(III) and how such 

targeting modulates the ubiquitinated proteome in human cells.

LC-MS/MS analysis of K-ε-GG-containing peptides immunoprecipitated from the tryptic 

digestion mixture of the whole-cell protein lysate constitutes a robust and high-throughput 

workflow to assess the ubiquitin-modified proteome and to identify ubiquitination sites 

at the global proteome level.43 Compared to other protein enrichment methods, the 

antibody-based enrichment of K-ε-GG-containing peptides helps reduce interferences from 

nonubiquitinated tryptic peptides, which allows for the identification of ubiquitinated 

peptides of low abundance. This workflow permits the establishment of ubiquitination 

networks in core signaling pathways and the identification of specific ubiquitination sites, 

thereby allowing for studying the functions of ubiquitination in a site-specific manner.24–27
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In the present study, we applied this workflow to investigate the arsenite-mediated 

alterations of the ubiquitin-modified proteome. We were able to identify 1248 ubiquitinated 

peptides in GM00637 human skin fibroblasts (Figure 1); among them, the ubiquitination 

levels of 152 and 130 proteins were substantially up- and down-regulated, respectively, upon 

arsenite exposure. The fact that arsenite could both positively and negatively regulate the 

ubiquitination levels of different proteins reveals an intricate role of arsenite in modulating 

protein ubiquitination in cells. On the grounds that ubiquitination regulates various processes 

including protein–protein interactions, signal transduction, and protein degradation, these 

results suggest that arsenite may confer cytotoxicity and carcinogenicity partly through 

perturbing protein ubiquitination.

We conducted a functional annotation and pathway analysis using DAVID, which reveals 

that arsenite affects the ubiquitination levels of proteins involved in many important 

pathways. For instance, arsenite exposure resulted in altered ubiquitination levels of several 

proteins involved in DNA damage repair, including BRCA1, DDB1, FANCI, FANCD2, 

RAD23, and XRCC5 (Table S2). Along this line, our previous work showed that arsenite 

exposure compromises DNA interstrand cross-link repair through modulating FANCL-

mediated FANCD2 monoubiquitination.11 It will be important to examine, in the future, 

how arsenite exposure perturbs the ubiquitination of BRCA1, DDB1, RAD23, and XRCC5 

and alters DNA repair pathways mediated by these protein factors.

We also identified diminished ubiquitination levels of six proteins that are associated 

with cholesterol biosynthesis, including HMGCR (Table 2). In particular, we were able 

to detect the K248-ε-GG-containing peptide of HMGCR by LC-MS/MS (Figure 3). In this 

context, it is worth noting that we also performed off-line SDS-PAGE fractionation of the 

whole-cell lysate and pull-down with an anti-Flag antibody to enrich ectopically expressed 

HMGCR-Flag proteins prior to tryptic digestion and LC-MS/MS analysis. We, however, 

failed to detect Lys248 ubiquitination in HMGCR with either approach, suggesting a low 

stoichiometry of this ubiquitination (data not shown) and the effectiveness of the antibody-

based method in enriching K-ε-GG-containing peptides. This is not surprising viewing that 

this ubiquitination event leads to HMGCR degradation. In addition, we observed diminished 

ubiquitination of Lys248 in HMGCR upon arsenite treatment (Figure 3), indicating that 

arsenite may influence cholesterol synthesis by modulating HMGCR ubiquitination. Along 

this line, we found, from Western blot analysis, a dose-dependent attenuation in the total 

ubiquitination levels of HMGCR, which is accompanied by a concomitant elevation in 

the basal level of HMGCR upon arsenite treatment in HEK293T cells (Figure 4). These 

results suggest that the arsenite-induced suppression of HMGCR ubiquitination led to the 

stabilization of HMGCR proteins.

Cholesterol is an essential component of cell membranes, and it helps maintain membrane 

integrity and fluidity so as to enable animal cells to rapidly alter the shape in response 

to extracellular stimuli and intracellular cues.44 Cholesterol is also a precursor for the 

biosynthesis of many important biomolecules, including vitamin D, bile acid, and steroid 

hormones.45–47 Cholesterol is synthesized through the mevalonate pathway, where the 

HMGCR-catalyzed conversion of HMG-CoA to mevalonate is the rate-limiting step.48 

Therefore, the level of HMGCR in cells is tightly correlated with the biosynthesis of 
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cholesterol and nonsterol isoprenoids. Cells regulate cholesterol biosynthesis through a 

feedback mechanism, where the level of the rate-limiting enzyme, HMGCR, is negatively 

regulated by sterol, i.e., a high concentration of sterol promotes the ubiquitination and 

proteasomal degradation of HMGCR.49 Several E3 ubiquitin ligases have been proposed 

to be involved in the ubiquitination of HMGCR in a cell type-specific manner, including 

GP78, TRC8, MARCH6, and HRD1. In the present study, we knocked down the four E3 

ubiquitin ligases individually in HEK293T cells and found that the genetic depletion of 

TRC8, but not any of the other three E3 ubiquitin ligases, led to diminished ubiquitination of 

HMGCR, suggesting that TRC8 is the major E3 ubiquitin ligase for HMGCR ubiquitination 

in HEK293T cells (Figure 5a,b). We also observed that the arsenite-induced perturbation 

of HMGCR ubiquitination was abolished after knocking down TRC8 in HEK293T cells, 

supporting the notion that arsenite targets TRC8 to inhibit HMGCR ubiquitination and 

degradation (Figure 5c).

It is worth noting a limitation of our study. In particular, our quantitative proteomic data 

were acquired using GM00637 human skin fibroblast cells, and our subsequent follow-up 

experiments for HMGCR were conducted using HEK293T cells. We chose HEK293T cells 

for the latter part of the study because of the relatively high transfection efficiency and by 

extension relatively high shRNA knockdown efficiency for this cell line. Nevertheless, our 

previously published studies showed that the As(III)-induced perturbations in ubiquitinations 

of histone H2B, FANCD2, NRF2, and RPS10/20 were commonly observed in multiple 

cell lines, including GM00637 and HEK293T cells.11,12,15,16 This is in keeping with 

the mechanism through which As(III) perturbs the ubiquitination of these proteins, i.e., 

via targeting their corresponding E3 ubiquitin ligases (RNF20/RNF40, FANCL, RBX1, 

and ZNF598).11,12,15,16 However, we cannot formally exclude the possibility that the 

ubiquitination of HMGCR in GM00637 cells may involve E3 ubiquitin ligase(s) other than 

TRC8.

In summary, by using a SILAC- and LC-MS/MS-based quantitative proteomics workflow, 

coupled with K-ε-GG peptide immunoprecipitation, we assessed quantitatively the 

alterations in the ubiquitin-modified proteome elicited by arsenite exposure in cultured 

human cells, and we identified TRC8 as a new target for arsenite binding to inhibit HMGCR 

ubiquitination and degradation in HEK293T cells. The proteomic data developed in the 

current study also built a strong foundation for understanding how arsenite exposure alters 

other cellular pathways in cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Quantitative assessment of arsenite-induced alterations in ubiquitination of the entire human 

proteome. (a) Workflow involves metabolic labeling using SILAC, tryptic digestion, affinity 

enrichment of K-ε-GG-bearing peptides, and LC-MS and MS/MS for the identification 

and quantification of ubiquitination levels. (b) Summary of identified and quantified 

ubiquitinated peptides and proteins. (c, d) Bar graphs showing the mean ± SD of fold 

changes of 25 proteins with the most pronounced decreases (c) and increases (d) in 

ubiquitination levels after arsenite treatment.
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Figure 2. 
Plot showing the correlation between the log2(Ratio) of the ubiquitination levels of proteins 

and log2(Ratio) of the expression levels of the same proteins.
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Figure 3. 
(a) Full-scan ESI-MS showing the [M + 3H]3+ ions of the K248-ε-GG-containing peptide 

from HMGCR in forward and reverse SILAC experiments. (b) Quantitative analysis of 

arsenite-induced diminution in HMGCR ubiquitination. The p value was calculated using 

two-tailed unpaired Student’s t-test (n = 3): **, 0.001 < p < 0.01. (c) MS/MS of the light and 

heavy K248-ε-GG-carrying peptides derived from HMGCR.
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Figure 4. 
Arsenite stabilizes HMGCR by inhibiting its ubiquitination. (a) HEK293T cells were 

transfected with HMGCR-Flag and HA-ubiquitin and subsequently treated with increasing 

doses of arsenite. The whole-cell lysates were immunoprecipitated with anti-Flag M2 

magnetic beads and blotted with an anti-HA primary antibody. The result showed a 

decreased ubiquitination level of HMGCR upon arsenite treatment. (b) HEK293T cells 

were treated with increasing doses of arsenite and blotted with an anti-HMGCR primary 

antibody. The result revealed an increased HMGCR protein level upon arsenite treatment. 

(c) Quantification of the HMGCR protein level upon arsenite treatment. The p value was 

calculated using two-tailed unpaired Student’s t-test (n = 3): *, 0.01 < p < 0.05. “NS” 

represents not significant (p > 0.05).
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Figure 5. 
As3+ suppresses the ubiquitination of HMGCR in HEK293T cells through TRC8. (a) 

Knockdown efficiencies of shRNAs targeting TRC8, GP78, MARCH6, and HRD1 genes. 

The p value was calculated by using two-tailed unpaired Student’s t-test (n = 3): ***, 

p < 0.001. (b) Knockdown of TRC8, but not GP78, MARCH6, or HRD1, gave rise to 

decreased HMGCR ubiquitination. HEK293T cells were transfected with HMGCR-Flag 

and HA-ubiquitin and subsequently transfected with shRNAs targeting the TRC8, GP78, 

MARCH6, or HRD1 gene. The whole-cell lysate was immunoprecipitated with anti-Flag 

M2 magnetic beads and blotted with an anti-HA primary antibody. (c) Knockdown of 

TRC8 abolished the arsenite-induced decrease in HMGCR ubiquitination. HEK293T cells 

were transfected with HMGCR-Flag and HA-ubiquitin and subsequently transfected with 

shTRC8 and treated with sodium arsenite. The whole-cell lysate was immunoprecipitated 

with anti-Flag M2 magnetic beads and blotted with an anti-HA primary antibody.
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Table 1.

KEGG Pathway and Functional Category Analyses Revealed the Role of Arsenite in Decreasing 

Ubiquitination of Proteins Involved in Different Cellular Pathways
a

functional categories no. of genes functional categories no. of genes

ribosome 14 proteasome 7

vibrio cholerae infection 5 neurotrophin signaling pathway 11

steroid biosynthesis 6 viral myocarditis 8

bilated cardiomyopathy 11 pathogenic Escherichia coli infection 7

systemic lupus erythematosus 11 endocytosis 12

leukocyte transendothelial migration 12 adherens junction 7

ECM-receptor interaction 10 regulation of actin cytoskeleton 13

hypertrophic cardiomyopathy 10 cell adhesion molecules 9

focal adhesion 16 tight junction 12

a
The protein IDs of 136 proteins in which the ubiquitinated peptides were down-regulated by at least 1.5-fold upon arsenite treatment were 

submitted into the DAVID bioinformatics resources 6.7 database (https://david.ncifcrf.gov/) for KEGG pathway analysis. The results revealed the 
role of arsenite in regulating key cellular pathways by inhibiting protein ubiquitination, including the sterol biosynthesis pathway.

Chem Res Toxicol. Author manuscript; available in PMC 2023 September 19.

https://david.ncifcrf.gov/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jiang and Wang Page 19

Table 2.

List of Proteins Involved in the Cholesterol Biosynthesis Pathway, including HMGCR, That are with Altered 

Levels of Ubiquitination in GM00637 Cells Following a 24 h Exposure to 5.0 μM Arsenite
a

protein name ubiquitination site(s) fold changes (mean ± SD)

24-dehydrocholesterol reductase (DHCR24) VRDIQKQVR 0.58 ± 0.01

EKLGCQDAFPEVYDK 0.62 ± 0.09

ISLLKLTQGETLR 0.66 ± 0.10

7-dehydrocholesterol reductase (DHCR7) KPKVIECSYTSADGQR 0.49

LSDIWAKTPPITR 0.63 ± 0.15

3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) VLEEEENKPNPVTQR 0.30 ± 0.13

VSLGLDENVSKR 0.42 ± 0.18

farnesyl-diphosphate farnesyltransferase 1 (FDFT1) IPDSDPSSSKTR 0.51

ANSMGLFLQKTNIIR 0.63

lanosterol synthase (LSS) LSQVPDNPPDYQKYYR 0.33 ± 0.18

NPDGGFATYETKR 0.51 ± 0.16

sterol-C4-methyl oxidase-like isoform 2 (SC4MOL) IFGTDSQYNAYNEKR 0.59 ± 0.16

a
The ubiquitination lysine sites are shown in underlined bold font. The detailed ratios obtained from Individual SILAC Experiments are Listed in 

Table S2.
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