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Abstract

Arsenic pollution in drinking water is a widespread public health problem, and it affects 

approximately 200 million people in over 70 countries. Many human diseases, including 

neurodegenerative disorders, are engendered by the malfunction of proteins involved in important 

biological processes and are elicited by protein misfolding and/or loss of protein quality control 

during translation. Arsenic exposure results in proteotoxic stress, though the detailed molecular 

mechanisms remain poorly understood. Here, we showed that arsenite interacts with ZNF598 

protein in cells and exposure of human skin fibroblasts to arsenite results in significant decreases 

in the ubiquitination levels of lysine residues 138 and 139 in RPS10 and lysine 8 in RPS20, which 

are regulatory post-translational modifications important in ribosome-associated protein quality 

control. Furthermore, the arsenite-elicited diminutions in ubiquitinations of RPS10 and RPS20 

gave rise to augmented read-through of poly(adenosine)-containing stalling sequences, which was 

abolished in ZNF598 knockout cells. Together, our study revealed a novel mechanism underlying 

the arsenic-induced proteostatic stress in human cells.
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INTRODUCTION

Arsenic is a metalloid prevalent in the environment, where it is naturally present in the 

Earth’s crust and is also anthropogenically introduced to the environment (e.g., through the 

use of arsenic-containing pesticides).1,2 Arsenic exists in the environment in inorganic 

(trivalent arsenite or pentavalent arsenate) or organic forms, where inorganic trivalent 

arsenite is the most common arsenic species found in the environment and confers the 

highest potency in toxicity among the different chemical forms of arsenic.3 Arsenic 

pollution, which influences more than 200 million people in over 70 countries, is one of the 

most serious public health problems worldwide.4 Arsenic exposure contributes to the onset 

and/or progression of various human diseases, including neurodegenerative disorders, 

cancers, and type-II diabetes.5–7 Hence, there is an urgent need for understanding the 

mechanisms through which arsenic exposure results in human diseases.

Many human diseases can arise from protein misfolding,8 and chronic exposure to arsenic in 

human populations can lead to proteotoxic stress.9 Examples of human diseases emanating 

from arsenic-induced proteotoxic stress include Alzheimer’s disease and Huntington’s 

disease.8 Epidemiological studies document strong associations between arsenic exposure 

and cognitive impairment in humans, and animal studies reveal higher incidence of 

neurodegenerative diseases in rodents treated with arsenic species.10–12 Therefore, it is 

important to investigate the mechanisms through which arsenic exposure induces the loss of 

homeostasis of the proteome (i.e., proteostasis).

Human cells are equipped with multiple mechanisms for maintaining proteostasis, including 

molecular chaperones, ubiquitin-proteasome system (UPS), and ribosome-associated protein 

quality control (RQC).13,14 Among them, RQC is energetically inexpensive, and it promptly 

eliminates aberrant mRNA and abnormal nascent polypeptides during translation, which 

constitutes the frontline defense against futile aberrant protein synthesis.14,15 

Poly(adenosine) [Poly(A)] sequences in coding regions of mRNA can result in ribosome 

stalling and trigger the RQC pathway,16 which requires regulatory ubiquitinations of RPS10 

and RPS20 installed by ZNF598 E3 ubiquitin ligase.16,17

Trivalent inorganic arsenic (iAs3+) binds selectively to C3H- or C4-type zinc finger proteins 

(i.e., those with zinc fingers comprised of three cysteines and one histidine, or four 

cysteines).18–22 We reasoned that the RING finger motif in ZNF598 may constitute a 

molecular target for iAs3+ binding, and this binding may impair the RQC pathway and 
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perturb proteostasis.16,17 In this study, we investigated the interaction between ZNF598 and 

As3+, examined the iAs3+-induced perturbation in regulatory ubiquitinations of RPS10 and 

RPS20, and assessed the impact of iAs3+ exposure on RQC in human cells.

EXPERIMENTAL PROCEDURES

Cell Culture.

HEK293T cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Thermo Fisher Scientific). HCT-116 cells with the ZNF598 gene being knocked out and the 

parental HCT-116 cells were kindly provided by Prof. Eric Bennett from the University of 

California San Diego,17 and the cells were also cultured in DMEM. All culture media except 

those employed for transfection were supplemented with 10% fetal bovine serum (FBS, 

Thermo Fisher Scientific) and 1% penicillin-streptomycin solution (GE Healthcare). The 

cells were maintained in a humidified atmosphere with 5% CO2 at 37 °C, with medium 

renewal every 2–3 days depending on cell density. For plasmid transfection, the cells were 

cultured in the same media except that no penicillin-streptomycin solution was added.

Plasmid and Cell Transfection.

The expression plasmid for ZNF598, pcDNA3.1-ZNF598-TEV-3 × Flag, and the reporter 

cassettes, i.e., pmGFP-P2A-(KAAA)0-P2A-RFP and pmGFP-P2A-(KAAA)20-P2A-RFP, were 

obtained from Addgene (Cambridge, MA). “P2A” represents the 2A peptide derived from 

porcine teschovirus-1; ribosomes skip formation of a peptide bond without interrupting 

translation elongation at P2A sites,23 which, in the absence of ribosome stalling, allow for 

equimolar expression of GFP, RFP, and a polypeptide comprised of 20 lysine residues (K20) 

from the translation of 20 repeats of AAA codon.16 The expression plasmid for GFP-tagged 

ZNF598, i.e., pcDNA4/TO-GFP-ZNF598, was kindly provided by Prof. Simon Bekker-

Jensen from the University of Copenhagen.24 The plasmid was transfected into HEK293T 

cells using TransIT-2020 (Mirus Bio, Madison, WI) according to the manufacturer’s 

protocol.

Streptavidin Agarose Affinity Assay and Western Blot.

The biotin-As probe was previously synthesized.20 HEK293T cells were transfected with 

wild-type Flag-ZNF598. At 24 h following the transfection, the cells were exposed with 5 

μM biotin-As for 2 h and lysed in CelLytic M lysis buffer supplemented with a protease 

inhibitor cocktail (Sigma-Aldrich). The cell lysates were subsequently incubated with high-

capacity streptavidin agarose beads overnight. The streptavidin agarose beads were then 

washed with 1× PBS and resuspended in a sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS–PAGE) loading buffer.

After SDS–PAGE separation, proteins were transferred to a nitrocellulose membrane using a 

transfer buffer containing Tris (pH 8.3), methanol, glycine, and water. The membranes were 

blocked for 1 h with 5% BSA in a 1× PBS-T buffer, which contained PBS and 0.1% (v/v) 

Tween-20 (pH 7.5) and then incubated with a mouse anti-Flag antibody (1:5000 dilution, 

Santa Cruz Biotech) at room temperature for 2 h. The membranes were washed with fresh 

PBS-T at room temperature for 6 times (5–10 min each). After washing, the membranes 
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were incubated with mouse secondary antibody (1:10000 dilution, Santa Cruz Biotech) at 

room temperature for 1 h. The membranes were then washed with PBS-T for 6 times. The 

protein bands were detected by using Amersham ECL Select Western blotting Detection Kit 

(GE Healthcare) and visualized with Hyblot CL autoradiography film (Denville Scientific, 

Inc., Metuchen, NJ). Similar experiments were also conducted by pretreating cells with 10 

μM ZnCl2, p-aminophenylarsine oxide (PAPAO), or NaAsO2 for 1 h prior to the biotin-As 

treatment.

Stable Isotope Labeling by Amino Acid in Cell Culture (SILAC), As3+ Exposure, 
Immunoprecipitation, and LC–MS/MS Analysis.

SILAC labeling of GM00637 cells in light or heavy RPMI 1640 medium, As3+ exposure, 

immunoprecipitation of ubiquitin remnant peptides, and LC–MS/MS analysis of the 

enriched peptides were described previously.25

Fluorescence Microscopy.

Wild-type pcDNA4/TO-GFP-ZNF598 plasmid (0.5 μg) was transfected into 1 × 105 

HEK293T cells seeded on cover glasses placed in a 24-well plate. After 36 h, the transfected 

cells were mock-treated or treated with 10 μM ZnCl2, NaAsO2, or PAPAO for 2 h and then 

incubated with 5 μM ReAsH-EDT2 (Invitrogen, Waltham, MA) in Opti-MEM medium at 37 

°C for 1 h. The cells were then washed with 1× BAL buffer three times, fixed with 4% 

paraformaldehyde for 15 min, and stained with 4′,6-diamidino-2-phenylindole (DAPI). The 

sample slides were subjected to imaging on a Zeiss 880 confocal microscope with Airyscan 

(Thornwood, NY) at the wavelengths of 355, 488, and 594 nm for DAPI, GFP, and ReAsH, 

respectively.

Dual Fluorescence Translation Stalling Assay.

Dual fluorescence reporter plasmids were transfected into cells using TransIT-2020 (Mirus 

Bio, Madison, WI) following the manufacturer’s guidelines. At 24 h following the 

transfection, the cells were treated with 5.0 μM NaAsO2 (or mock treatment) for another 18 

or 24 h. The cells were then subjected to analysis on a MoFlo Astrios EQ Flow Cytometry 

system (Beckman Coulter, IN), where cellular GFP and RFP fluorescence emissions were 

measured. The flow cytometry data were analyzed using FlowJo (v9.1).

Statistical Analysis.

Statistical analyses were performed by determining the mean and standard deviation of the 

values obtained from 3 to 4 independent experiments, except for the fluorescence 

microscopy data, where images from 30 cells in each group were analyzed, as detailed in the 

figure legends.

RESULTS

Arsenite Exposure Leads to Decreased Regulatory Ubiquitinations of RPS10 and RPS20.

In this study, we set out to explore whether exposure to inorganic As3+ perturbs the RQC 

pathway by compromising regulatory ubiquitinations involved in this pathway. In this vein, 
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ubiquitinations of K138 and K139 in RPS10 and that of K8 in RPS20 play an important role 

in the initiation of ribosome stalling and the onset of the RQC pathway.16 To this end, we 

performed a quantitative proteomic experiment, which relies on metabolic labeling using 

SILAC and immunoprecipitation of tryptic peptides containing diglycine remnant-modified 

lysine(s), and LC-MS/MS analysis, to identify proteins in GM00637 human skin fibroblasts 

exhibiting substantial alterations in their ubiquitination levels after a 24 h exposure to 5.0 

μM NaAsO2 (Figure 1A).25 We found that the ubiquitination levels of lysine 138 and 139 

(K138 and K139) in RPS10 and K8 in RPS20 were decreased to 60% and 52% of the levels 

observed in control untreated cells, respectively (Figure 1B). Representative MS and 

MS/MS results for monitoring the ubiquitination of K8 in RPS20 are shown in Figure 2, and 

the MS/MS for monitoring the ubiquitinations of K138 and K139 in RPS10 are shown in 

Figure S1.

Arsenite Binds to the Cysteine Residues in the RING Finger Domain of ZNF598 Protein in 
Cells.

To further elucidate how arsenite exposure diminishes the regulatory ubiquitinations of 

RPS10 and RPS20, we focused our attention on ZNF598, the major E3 ubiquitin ligase 

responsible for these ubiquitinations.16,17 Along this line, a previous quantitative proteomic 

study showed that a 24-h treatment of GM00637 cells with 5.0 μM arsenite did not elicit any 

appreciable changes in the expression level of ZNF598, RPS10, or RPS20 protein, where the 

corresponding ratios of protein levels in arsenite-treated over mock-treated cells were 0.98 ± 

0.07, 1.04 ± 0.08, and 1.03 ± 0.08.26 Therefore, the arsenite-induced decreases in the levels 

of ubiquitinated peptides of RPS10 and RPS20 are not due to a diminished expression of 

these two proteins or ZNF598.

In light of the previous observations about the effects of As(III) binding on modulating the 

E3 ubiquitin ligase activities of other RING finger proteins,20–22,25 we reasoned that the 

decreases in ubiquitination of RPS10 and RPS20 may be attributed to the interaction 

between As(III) and ZNF598 and the ensuing loss of its E3 ubiquitin ligase activity. To test 

this, we first examined the interaction between As(III) and ZNF598. We treated HEK293T 

cells with a p-aminophenylarsine oxide-conjugated biotin probe (Figure 3A) and assessed its 

interaction with ectopically expressed Flag-ZNF598 by a streptavidin agarose affinity assay.
20 The Western blot result revealed that the biotin-As probe facilitated the pull-down of 

Flag-ZNF598 from human cells, where the control experiment without the addition of the 

biotin-As probe failed to do so (Figure 3B). In addition, pretreatment of Flag-ZNF598-

expressing HEK293T cells with 10 μM PAPAO or NaAsO2, but not ZnCl2, could 

significantly attenuate the pull-down of Flag-ZNF598 (Figure 3C,D). This result suggests 

that As3+ is capable of displacing the Zn2+ ions bound with the RING finger motif of Flag-

ZNF598.

We also explored the importance of cysteine residues, located in the RING finger motif of 

ZNF598, in binding with As3+ in cells by utilizing a GFP-tagged ZNF598 expression 

plasmid and a biarsenical labeling reagent ReAsH-EDT2, which contains two As3+ and 

displays red fluorescence when four nearby cysteine residues in a protein bind to its arsenic 

moieties.22 We observed substantial colocalizations between the ectopically expressed GFP-
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ZNF598 and ReAsH in HEK293T cells, suggesting an interaction between As3+ and 

ZNF598 protein in cells (Figure 4 and Figure S2). Moreover, the colocalization between 

GFP-ZNF598 and ReAsH is markedly attenuated in cells upon pretreatment with PAPAO or 

NaAsO2, but not Zn2+, supporting the competitive binding of As3+ to cysteine residues in 

the RING finger domain of ZNF598 (Figure 4 and Figure S2).

Arsenite Increases the Ribosomal Read-Through of the (KAAA)20 mRNA Sequence during 
Translation.

We next explored the degree to which the As3+-elicited perturbation in ubiquitination of 

RPS10 and RPS20 affects the RQC pathway. We adopted a previously reported flow 

cytometry-based assay to assess quantitatively ribosome stalling at poly(A) sites in 

mammalian cells.16 In particular, the reporter cassette contains N- and C-terminal GFP and 

RFP markers flanked by a Flag-tagged stalling reporter (SR, Figure 5A), as described 

previously.16 In addition, the open-reading frames of GFP, SR, and RFP are separated by 2A 

peptide sequence (P2A) derived from porcine teschovirus-1 (Figure 5A). Therefore, 

translation of the cassette and ribosomal skipping of the P2A sequences yield three proteins 

(GFP, Flag-SR, and RFP) in equi-molar quantities.16 In contrast, stalling during translation 

of Flag-SR would abolish translation prior to RFP synthesis and lead to a substoichiometric 

RFP/GFP ratio.16

Tandem repeats of the AAA lysine codon, i.e., (KAAA)n, are among the most potent trigger 

for ribosome stalling in mammalian cells; thus, the insertion of (KAAA)n in the Flag-SR 

region can result in an appreciable decrease in the RFP/GFP ratio relative to the reporter 

lacking the inset between GFP and RFP.16 Flow cytometry analysis results revealed the 

expected correlation between GFP and RFP levels across a wide expression range for the 

cassette with (KAAA)0 but significantly reduced RFP for that with (KAAA)20 (Figure 5C and 

Figure S3). To explore how arsenite exposure affects the ribosomal stalling of the (KAAA)20 

sequence, we repeated the flow cytometry-based assay for the transfected cells after an 18 h 

exposure to 5.0 μM As3+. These results show that arsenite exposure led to an increased ratio 

of RFP/GFP fluorescence intensities (1.26 ± 0.06) when compared to cells without As3+ 

treatment (Figure 5C, Figure S3 and Tables S1–S2), suggesting that arsenite treatment could 

impede ribosomal stalling during the translation of mRNA sequence containing (KAAA)20. 

The enhanced read-through of poly(A) sequence in (KAAA)20 is also reflected by the scatter 

plot shown in Figure 5B and Figure S3C. In addition, we examined if the aforementioned 

effect arises from the As3+-induced augmentation in overall translation elongation by 

conducting the corresponding experiment with the use of the corresponding reporter cassette 

without the poly(A) stalling sequence, i.e. (KAAA)0. The result showed that arsenite 

exposure increased the translation of RFP relative to GFP using the (KAAA)0 sequence 

(RFP/GFP = 1.14 ± 0.04), when compared to the cells without As3+ treatment (Figure 5C 

and Figure S3B). After normalization, we found that arsenite exposure augmented the read-

through of (KAAA)20 by 11% (Figure 5D).

Because As3+ can also bind to and perturb the functions of other RING finger E3 ubiquitin 

ligases, we next investigated whether the As3+-promoted read-through of poly(A) mRNA 

sequence involves the interaction between As3+ and ZNF598. For this purpose, we 
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conducted the same reporter assay by using HCT116 cells with the ZNF598 gene being 

knocked out17 and the parental HCT116 cells (Figure 6, Figures S4–S5 and Tables S1–S2). 

Our results again revealed that a 24 h exposure of HCT-116 cells to 5.0 μM As3+ led to a 

significant increase (RFP/GFP = 1.23 ± 0.13) in translational read-through of poly(A) 

mRNA sequence (KAAA)20 (Figure 6D). This increase, however, was abolished in the 

isogenic ZNF598 KO cells (Figure 6D). This result, therefore, revealed ZNF598 as an 

important molecular player contributing to the As3+-induced translational read-through of 

the poly(A) stalling sequence in the coding region of the template mRNA.

DISCUSSION

As3+ Binds to RING Finger Motif of ZNF598 and Induces Proteotoxic Stress.

As3+ can interact with zinc finger proteins,20–22,25,27,28 especially with high affinities to 

C3H and C4 types of zinc fingers.18 In this study, we provided two lines of evidence to 

support the notion that arsenite can bind to the RING finger domain of ZNF598 by 

displacing its bound Zn2+ ions. In particular, our results from the confocal fluorescence 

microscopy experiment with the use of a ReAsH probe and biotin-As pull-down assay 

revealed the interaction between As3+ and ZNF598, which could be pronouncedly weakened 

by pretreating cells with NaAsO2 or PAPAO, but not with Zn2+ (Figures 3–4, Figure S2).

ZNF598 is the major E3 ubiquitin ligase responsible for the regulatory ubiquitinations of 

ribosomal proteins RPS10 (at K138 and K139) and RPS20 (at K8).16,17 The RING finger 

domain of ZNF598 is highly conserved in eukaryotes and is essential for its E3 ubiquitin 

ligase activity, where the ubiquitin ligase activity of ZNF598 is indispensable for efficient 

ribosome stalling at poly(A) sequences in coding regions of mRNAs.29 We found that 

exposure of cultured human cells to As3+ and the ensuing interaction between As3+ and 

ZNF598 led to diminished ubiquitinations of K138 and K139 in RPS10 and K8 in RPS20 

(Figures 1–2, Figure S1). We also observed an As(III)-induced augmented translational 

read-through of the poly(A) stalling sequence in template mRNA in both HEK293T and 

HCT116 cells and the loss of this effect in HCT116 cells with ZNF598 being genetically 

ablated (Figures 5–6, Figures S3–S5). In this vein, it is worth noting that arsenite-induced 

elevation in ribosomal read-through of poly(A) sequence is somewhat modest but 

statistically significant. These results together substantiate that As3+ can displace Zn2+ from 

the RING finger domain of ZNF598, thereby perturbing the RQC pathway.

Disturbance to Protein Quality Control by Arsenic Exposure and Human Diseases.

Proteostasis is maintained by the combined activities of cellular mechanisms regulating 

protein synthesis, folding, trafficking, degradation, and clearance.30 RQC constitutes one of 

the major mechanisms in maintaining proteostasis through strict screening of translation 

errors; this pathway is initiated by surveillance of defective mRNA, including premature 

polyadenylated mRNA, followed by degradation of aberrant truncated proteins emanating 

from stalled ribosomes.14 In this process, site-specific regulatory ubiquitinations of RPS10 

and RPS20 mediated by ZNF598 E3 ubiquitin ligase are required for the detection of 

ribosomal stalling and triggering the splitting of ribosomal subunits to initiate RQC.14,29,31
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Arsenic was found to cause protein misfolding and aggregation in yeast and humans,2,10,32 

and arsenite is thought to affect the folding of nascent proteins during translation, though the 

underlying mechanisms remain unclear.10 Our findings provided a plausible mechanism 

about the arsenite-induced perturbation of proteostasis, i.e., through disruption of the 

ZNF598-mediated RQC pathway. Our observation of modest, yet statistically significant 

increase of arsenite-induced ribosomal read-through of poly(A) sequence suggests that 

chronic exposure to arsenic through drinking and ingestion of arsenic-contaminated water 

may induce translation infidelity. This may constitute a potential mechanism contributing to 

the pathogenesis of protein misfolding-associated human diseases arising from chronic 

arsenite exposure.

Implications in Chronic Arsenic Exposure and Risk Assessment for Arsenic-Elicited 
Human Diseases.

Arsenic pollution, which impacts over 200 million people worldwide via contaminated 

drinking water and diet, is a serious global public health issue.4 Chronic arsenic exposure 

has been associated with many human diseases, ranging from cancer and type-II diabetes to 

neurodegenerative disorders.2 Many of these diseases induced by arsenic exposure may 

originate from loss of proteostasis.30,33 On the grounds of the adverse health consequences 

forged by arsenic-induced proteotoxic stress, we should seriously assess and mitigate the 

risk of chronic arsenic exposure to safeguard public health. This can be achieved by stricter 

policy regulation on the environmental level of arsenic and improved worldwide public 

education to raise awareness for remediation of arsenic-contaminated drinking water.34
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Figure 1. 
Arsenite exposure led to diminished levels of site-specific ubiquitinations in ribosomal 

proteins RPS10 and RPS20. (A) The workflow of SILAC and LC–MS/MS for assessing the 

effect of a 24 h exposure of GM00637 human skin fibroblast cells to 5 μM NaAsO2 on the 

global ubiquitinated proteome. (B) Relative ubiquitination levels of K138/K139 in RPS10 

and K8 in RPS20 in GM00637 human skin fibroblasts with a 24 h exposure to 5 μM 

NaAsO2 over the corresponding mock-treated cells (i.e., with water). The relative levels of 

ubiquitination were determined from the relative abundances of ions observed in ESI-MS for 

the heavy-/light-labeled (in forward SILAC experiment) or light-/heavy-labeled (in reverse 

SILAC experiment) diglycine remnant-containing tryptic peptides (Figure 2A). The data 

represent the mean ± SD of results obtained from 4 biological replicates.
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Figure 2. 
LC–MS and MS/MS results showing the arsenite-induced decreases in the relative 

abundance of K-ε-GG-containing tryptic peptide, DTG(K8-ε-GG)TPVEPEVAIHR, derived 

from RPS20. (A) Positive-ion ESI-MS showing the [M + 3H]3+ ions of the peptide obtained 

from forward and reverse SILAC experiments, where the m/z values for the monoisotopic 

peaks for the light- and heavy-labeled peptide are 588.31 and 592.99, respectively. (B) 

MS/MS for the light- and heavy-labeled peptide. The insets show schemes summarizing the 

observed b and y ions.
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Figure 3. 
Biotin-As pull-down assay revealing the interaction between As3+ and ZNF598 protein in 

cells. (A) The chemical structure of the biotin-As probe. (B) Streptavidin agarose affinity 

pull-down assay showing the interaction between As3+ and ZNF598 in cells. The biotin-As 

probe was used to pull down ectopically expressed Flag-ZNF598 in HEK293T cells. The 

Flag-ZNF598 in the pull-down sample was probed using the anti-Flag antibody, where Flag-

ZNF598 and actin in the input samples were also monitored. The Flag-ZNF598 in the pull-

down and input samples were imaged with long and short exposure times, respectively. For 

comparison, the image for the input lane of Flag-ZNF598 was also acquired with the same 

(long) exposure time as the pull-down sample. (C, D) The interaction between the biotin-As 

probe and ZNF598 was substantially diminished upon pretreatment of HEK293T cells with 

10 μM NaAsO2 and PAPAO, but not with 10 μM Zn2+. “None” refers to cells without any 

pretreatment. The Western blot images are shown in (C), and the quantification results are 

displayed in (D). Relative Flag-ZNF598 protein levels in (D) were determined by dividing 

the signal of Flag-ZNF598 observed in the pull-down lane with the corresponding signal in 

the input lane, and the resulting ratios were further normalized against that obtained for the 

cells without any pretreatment. The data represent mean ± SD of results obtained from 4 

biological replicates. The p values were calculated using an unpaired two-tailed Student’s t-
test (*, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; and ***, p < 0.001; ‘n.s.’ stands for no 

significant difference, i.e., p > 0.05).
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Figure 4. 
As3+-bearing ReAsH colocalizes with GFP-ZNF598, and As3+ competes with Zn2+ for 

binding to the tetracysteine motif within the RING finger domain of ZNF598. (A) 

Fluorescence microscopy results revealed the colocalization between ReAsH and ectopically 

expressed GFP-ZNF598. The colocalization was significantly diminished in cells pretreated 

with 10 μM NaAsO2 or PAPAO, but not Zn2+. (B) The chemical structure of ReAsH-EDT2. 

(C) Quantitative analysis of the frequencies of colocalization between ReAsH-EDT2 and 

GFP-ZNF598. The data represent the mean ± SD of results obtained from images of 30 

different cells. The p values were calculated using an unpaired two-tailed Student’s t-test (*, 

0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; and ***, p < 0.001; ‘n.s.’ represents no significant 

difference, i.e., p > 0.05).
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Figure 5. 
Arsenite inhibits the ribosomal stalling and augments the read-through of poly(A) stalling 

sequences. (A) A schematic diagram showing the working principle of the dual fluorescence 

reporter for monitoring translational stalling at poly(A) sequence in the coding region. 

Plasmids expressing a reporter without a stall-inducing sequence, i.e. (KAAA)0, or one 

containing 20 consecutive lysine codons (KAAA)20 in the linker region, was transfected into 

HEK293T cells. The diagram of the reporter cassette construct and expected protein 

products in the absence or presence of terminal stalling is modified from the work of 

Juszkiewicz and Hedge.16 The reporter cassette contains GFP and RFP flanked by a Flag-

tagged stalling reporter (SR), where the open-reading frames GFP, SR, and RFP are 

separated by 2A peptide sequence (P2A) derived from porcine teschovirus-1. (B) The 

resulting cellular GFP and RFP levels are depicted in the scatter plot of individual cells. (C) 

A bar chart showing the RFP/GFP ratios of HEK293T cells transfected with the (KAAA)0 or 

(KAAA)20 reporter construct in the presence or absence of a 18-hr treatment with 5 μM 

NaAsO2. The ratios are normalized to that observed for the cells treansfected with (KAAA)0 

and without NaAsO2 treatment. (D) A bar chart showing the relative ratios of RFP/GFP in 

arsenite-treated over untreated HEK293T cells transiently expressing the (KAAA)0 or 

(KAAA)20 reporter. In (C) and (D), the error bars represent SD for three separate 

transfections and flow cytometry measurements, and the p values were calculated using an 

unpaired two-tailed Student’s t-test (*, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; and ***, p < 

0.001).
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Figure 6. 
ZNF598 is the major molecular target of arsenite-elicited increase in ribosomal stalling. (A–

B) Scatter plots showing the levels of GFP and RFP in HCT116 cells (A) and the isogenic 

ZNF598 knockout cells (B). (C) A bar chart indicating the relative RFP/GFP ratio in 

HCT116 and the isogenic ZNF598 knockout cells transfected with (KAAA)0 or (KAAA)20 

dual fluorescence stalling reporter construct, in the presence or absence of 24 h exposure to 

5 μM As3+. The ratio is normalized to the ratio of RFP/GFP in wild-type HCT116 cell line 

transfected with (KAAA)0 reporter construct without As3+ treatment, which is shown as the 

control in the diagram. (D) A bar chart showing the relative ratios of RFP/GFP in arsenite-

treated over untreated wild-type or ZNF598−/− HCT116 cells transfected with (KAAA)0 or 

(KAAA)20 reporter construct. In (C) and (D), the error bars represent SD for four separate 

transfections and flow cytometry measurements, and the p values were calculated using an 

unpaired two-tailed Student’s t-test (*, 0.01 ≤ p < 0.05; **, 0.001 ≤ p < 0.01; and ‘n.s.’ 

represents no significant difference, i.e., p > 0.05).
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