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Abstract

Background & Aims: Sulfoconjugation of small molecules or protein peptides is a key 

mechanism to ensure biochemical and functional homeostasis in mammals. The PAPS synthase 2 

(PAPSS2) is the primary enzyme to synthesize the universal sulfonate donor 3′-phosphoadenosine 

5′-phosphosulfate (PAPS). Acetaminophen (APAP) overdose is the leading cause of acute liver 

failure (ALF), in which oxidative stress is a key pathogenic event, whereas sulfation of APAP 

contributes to its detoxification. The goal of this study is to determine whether and how PAPSS2 

plays a role in APAP-induced ALF.

Methods: Gene expression was analyzed in APAP-induced ALF in patients and mice. Liver-

specific Papss2 knockout mice using Alb-Cre (Papss2ΔHC) or AAV8-TBG-Cre (Papss2iΔHC) were 

created and subjected to APAP-induced ALF. Primary human and mouse hepatocytes were used 

for in vitro mechanistic analysis.
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Results: The hepatic expression of PAPSS2 was decreased in APAP-induced ALF in patients and 

mice. Surprisingly, Papss2ΔHC mice were protected from APAP-induced hepatotoxicity despite 

having a decreased APAP sulfation, which was accompanied by increased hepatic antioxidative 

capacity through the activation of the p53-p2-Nrf2 axis. Treatment with a sulfation inhibitor 

also ameliorated APAP-induced hepatotoxicity. Gene knockdown experiments showed that the 

hepatoprotective effect of Papss2ΔHC was Nrf2-, p53- and p21-dependent. Mechanistically, we 

identified p53 as a novel substrate of sulfation. Papss2 ablation led to p53 protein accumulation 

by preventing p53 sulfation, which disrupts p53-MDM2 interaction and p53 ubiquitination, and 

increases p53 protein stability.

Conclusions: We have uncovered a previously unrecognized and p53-mediated role of PAPSS2 

in controlling oxidative response. Inhibition of p53 sulfation may be explored for the clinical 

management of APAP overdose.

Graphical Abstract

Lay Summary

Inhibition of sulfation prevents oxidative liver injury and acute liver failure by activating the 

p53-p21-Nrf2 signaling axis.
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Introduction

Sulfoconjugation is a widely occurring conjugation reaction. The substrates of 

sulfoconjugation include small molecules of endogenous or exogenous origins. Sulfation 

is an important detoxification pathway for many clinical drugs including acetaminophen 

(APAP), the overdose of which is the leading cause of acute liver failure (ALF) 1. 

Meanwhile, protein peptides can also be sulfonated by targeting the tyrosine residues, and 

protein tyrosine sulfation is a common post-translational modification that affects protein-

protein interactions and signaling pathways 2, 3. It has been estimated that approximately 1% 

of the tyrosine residues can be sulfated in a given organism 4.
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Sulfoconjugation is catalyzed by families of sulfotransferases 5. Sulfoconjugation reactions 

depend on the universal sulfate donor substrate 3′-phosphoadenosine-5′-phosphosulfate 

(PAPS) 6. PAPS is synthesized by PAPS synthase 1 and 2 (PAPSS1/2) from adenosine 

triphosphate (ATP) and inorganic sulfate (SO4
2−). PAPSS2 is the major isoform in the liver, 

where the expression of PAPSS1 is very low 7.

APAP, the active ingredient of Tylenol®, is one of the most often used analgesic and 

antipyretic medications to treat conditions ranging from cold to fever, muscle ache, 

toothache, headache, arthritis, and backache 8, 9. APAP overdose is the leading cause of 

ALF, which accounts for 57% and 39% of the cases recorded in the United Kingdom 

and United States, respectively 10, 11. In the United States, APAP overdose results in 

approximately 30,000 hospital presentations each year 12.

APAP is extensively metabolized in the hepatocytes via glucuronidation, sulfation, and 

cytochrome P 450 2E1 (CYP2E1) oxidation at the recommended therapeutic doses 13, 14. 

The majority (∼90%) of APAP is rapidly conjugated to nontoxic glucuronidated and sulfated 

metabolites by uridine 5′-diphospho-glucuronosyltransferases (UGTs) and sulfotransferases 

(SULTs). Of the remaining APAP, approximately 2% is excreted unchanged via the urine 

and 5–9% is converted by CYP2E1 to form a reactive noxious quinone metabolite, 

N-acetyl-p-benzoquinone imine (NAPQI). NAPQI can be rapidly eliminated by binding 

with the cysteine thiol or glutathione (GSH) to form nontoxic mercapturic (APAP-Mer) 

and cysteine (APAP-Cys) conjugates 15, 16. In the event of APAP overdose, the sulfate 

conjugation becomes saturated. When the majority of GSH is depleted, NAPQI begins to 

accumulate in the hepatocytes, resulting in mitochondrial oxidative stress, generation of 

reactive oxygen species (ROS), and induction of cell death and liver necrosis 17, 18. In the 

clinic, N-acetylcysteine (NAC) is an effective antidote to prevent APAP overdose-induced 

liver injury by replenishing GSH. However, NAC has side effects of anaphylactic reactions 

and fluid overload, and delayed administration of NAC fails to prevent APAP-induced ALF 
19. Thus, novel therapeutic approaches are urgently needed to combat APAP overdose.

In this study, we uncovered a surprising function of hepatic Papss2 in APAP-induced 

oxidative stress and hepatotoxicity. The hepatocyte-specific Papss2 knockout mice were 

protected from APAP toxicity through an augmented and p53-p21-Nrf2 mediated anti-

oxidative response.

Materials and Methods

Animals and treatment; Human liver sections, patient datasets, and scRNA-seq analyses; 

Isolation of primary hepatocytes and non-parenchymal liver cells; Histology and 

immunostaining analyses; Serum and liver biochemical analyses; APAP metabolite analysis; 

Quantitative real-time PCR; Plasmid construction, cell transfection, and luciferase reporter 

gene assays; Co-immunoprecipitation, ubiquitination, and western blotting analyses; 

Chromatin immunoprecipitation assay; Statistics

See Supplementary Materials and Methods. Information on patients, antibodies and primer 

sequences is provided in Supplementary Tables 1, 2, 3, and 4, respectively.
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Results

Hepatic expression of PAPSS2 decreases in APAP-induced hepatotoxicity and acute liver 
failure in patients and mice

To determine whether PAPSS2 plays a role in APAP-induced hepatotoxicity, we measured 

the hepatic expression of PAPSS2 in APAP-induced liver injury in patients and mice, as 

well as in primary human and mouse hepatocytes treated with APAP. Immunohistochemistry 

showed a markedly decreased expression of PAPSS2 in the liver of APAP overdose patients 

compared to the normal subjects (Figure 1A). The protein (Figure 1B) and mRNA (Figure 

1C) expression of Papss2 was also decreased in the liver of mice treated with a toxic dose of 

APAP (200 mg/kg) for 6 or 24h. Our bioinformatic analysis of deposited microarray results 

(GSE13430) 20 derived human primary hepatocytes showed that the mRNA expression of 

PAPSS2 was decreased by APAP treatment in a dose-dependent manner (Figure 1D). A 

decreased hepatic expression of PAPSS2 was also observed in a cohort of patients with 

APAP-induced ALF (GSE74000) 21 (Figure 1E).

Hepatocytes are the major cellular source of PAPSS2 in the liver, and creation and 
characterization of hepatocyte-specific Papss2 knockout mice

Liver is an organ of multiple cell types. To define the cellular source of PAPSS2, we 

analyzed a publicly available single-cell RNA-seq (scRNA-seq) dataset derived from normal 

human livers (GSE136103) 22, and found that among hepatic cells, hepatocytes had the 

highest expression of PAPSS2 (Figure 2A). In mice, the expression of Papss2 in primary 

hepatocytes (HEP) was also the highest, compared to hepatic stellate cells (HSC), Kupffer 

cells (KC), and liver sinusoidal endothelial cells (LSEC) isolated from the same mice 

(Figure 2B).

To investigate the hepatocyte function of Papss2 in vivo, we generated hepatocyte-specific 

Papss2 knockout (Papss2ΔHC) mice by crossbreeding the floxed Papss2fl/fl mice with the 

hepatocyte-specific Albumin-Cre transgenic mice 23. The Papss2fl/fl mice were generated 

by floxing exons 3–6 of the mouse Papss2 gene in embryonic stem cells via homologous 

recombination, followed by the removal of the Neo cassette by mating with the FLP mice 

as outlined in Figure 2C. The Papss2fl/fl and Papss2ΔHC mice were genotyped by PCR 

(Supplementary Figure 1A). The efficiencies of Papss2 knockout at the mRNA (Figure 2D) 

and protein (Figure 2E) levels in the liver, but not in the ileum and colon, were confirmed by 

real-time PCR and western blotting, respectively. The liver expression of the Papss1 was not 

affected by Papss2 ablation (Figure 2F). Consistent with the role of PAPSS2 in generating 

the sulfate donor, the PAPS/PAP content was markedly reduced in primary hepatocytes 

isolated from the Papss2ΔHC mice (Figure 2G). Tyrosine sulfation is the hallmark of protein 

sulfation and as expected, the total sulfotyrosine level in the liver of Papss2ΔHC mice was 

substantially reduced as shown by immunofluorescence (Figure 2H). The unchallenged 

Papss2ΔHC mice were healthy and fertile without noticeable gross phenotypes, including 

gross appearance (Supplementary Figure 1B) and weight of major organs (Supplementary 

Figure 1C). We also detected a decreased sulfotyrosine in the liver of Papss2ΔHC mice 

treated with APAP as shown by western blotting (Supplementary Figure 1D).
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Hepatocyte-specific knockout of Papss2 protects mice from the toxicity of APAP, paraquat, 
and thioacetamide

To investigate whether hepatocyte ablation of Papss2 affects APAP-induced liver injury, 

Papss2ΔHC mice and their Papss2fl/fl littermates were treated with a single dose of 200 

mg/kg APAP after 16h fasting, and tissues were harvested 1, 3, 6 and 24h after the 

APAP administration. At 24h and compared to the expected liver injury in APAP-treated 

Papss2fl/fl mice, APAP-treated Papss2ΔHC mice exhibited little signs of liver toxicity as 

shown by histology (Figure 3A). The APAP-induced elevations of serum levels of alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) were also attenuated in 

Papss2ΔHC mice at 6 and 24h (Figure 3B). There were no appreciable differences in the 

liver histology (Figure 3A), and ALT and AST (Supplementary Figure 2A) between vehicle 

treated Papss2fl/fl and Papss2ΔHC mice. TUNEL staining showed that the APAP-induced 

nuclear DNA fragmentation was markedly decreased in the liver of Papss2ΔHC mice (Figure 

3C). Papss2ΔHC mice also exhibited an improved survival rate than Papss2fl/fl mice when 

treated with a lethal dose (600 mg/kg) of APAP (Figure 3D). In an independent hepatocyte 

Papss2 knockout model, the knockout was induced by infecting Papss2fl/fl mice with AAV8-

TBG-Cre for two weeks (Papss2iΔHC) before challenging with APAP (200 mg/kg) for 

24h. Papss2iΔHC mice showed a similar pattern of protection from APAP-induced toxicity 

as shown by histology (Supplementary Figure 2B) and serum levels of ALT and AST 

(Supplementary Figure 2C).

The Papss2ΔHC mice also showed protection against two other oxidative toxicants, paraquat 

(PQ) and thioacetamide (TAA). PQ is potent ROS inducer whose overdose leads to lethality 

in mice 24, whereas ROS induced by TAA results in hepatic damage 25. As shown in Figure 

3E, Papss2ΔHC mice showed improved survival upon PQ challenge. Papss2iΔHC mice also 

exhibited protection against TAA-induced hepatotoxicity as shown by histology (Figure 3F) 

and serum levels of ALT and AST (Figure 3G). The protective effect of Papss2 ablation 

was also observed in vitro, as primary hepatocytes isolated from Papss2ΔHC mice showed 

decreased APAP-or PQ-responsive release of ALT (Figure 3H) and accumulation of ROS 

(Figure 3I).

Sodium chlorate (NaClO3) is a sulfation inhibitor 26. Treatment with a non-toxic dose 

of sodium chlorate (300 mg/kg) twice, dosed 2h before and 2h after the APAP (200 

mg/kg) treatment, also protected WT mice from APAP-induced hepatotoxicity as shown 

by histology (Figure 3J) and serum levels of ALT and AST (Figure 3K). Moreover, post-

APAP treatment of mice with sodium chlorate twice, 1h and 5h after the APAP treatment, 

improved the animal survival upon a lethal dose of APAP (600 mg/kg) (Figure 3L).

Hepatocyte-specific knockout of Papss2 enhances antioxidant capacity upon APAP 
challenge, and Nrf2 is required for the hepatoprotective effect of Papss2 ablation

Both APAP sulfation and oxidative response are involved in APAP hepatotoxicity 27, 28. To 

understand the mechanism by which Papss2 ablation protected mice from APAP-induced 

hepatotoxicity, we analyzed APAP metabolites in the liver after APAP treatment. In APAP-

treated Papss2ΔHC mice, the content of APAP-sulfate was decreased as expected, whereas 

the levels of APAP-glucuronide and APAP-GSH were not significantly affected in the 
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Papss2ΔHC mice (Figure 4A). We further analyzed APAP metabolites in the total urine 

of mice treated with APAP for 24h. The contents of APAP-Mer and APAP-Cys, two 

metabolites indicative of detoxification of the reactive metabolite NAPQI 15, were increased 

in Papss2ΔHC mice (Figure 4B). When the antioxidative capacity was evaluated, we found 

the hepatic total GSH (Total GSH=GSH + 2* glutathione disulfide (GSSG)), GSH content, 

and ratio of GSH/GSSG in APAP-treated Papss2ΔHC mice were significantly elevated 

(Figure 4C). A more efficient replenishment GSH was also observed in APAP-treated 

primary hepatocytes isolated from the Papss2ΔHC mice (Figure 4D). These results suggested 

that the APAP-treated Papss2ΔHC mice and hepatocytes had increased antioxidative capacity. 

Indeed, the hepatic mRNA expression of genes encoding enzymes responsible for GSH 

biosynthesis, including Gclc, Gclm, Gpx1, and their transcriptional activator Nrf2, was 

increased in the liver of APAP-treated Papss2ΔHC mice at 3h, 6h (Supplementary Figure 3A) 

and 24h (Figure 4E). The same pattern of increased protein expression of Nrf2, Gclc, and 

Gclm in APAP-treated Papss2ΔHC mice was confirmed by western blotting (Supplementary 

Figure 3B and Figure 3F). The increased mRNA (Supplementary Figure 3C) and protein 

(Supplementary Figure 3D) expression of Nrf2, Gclc, and Gclm was also observed in APAP-

treated Papss2iΔHC mice. Consistent with the transcriptional induction of Nrf2 target genes, 

the recruitment of Nrf2 onto the Gclc and Gclm gene promoters was increased in the liver 

of APAP-treated Papss2ΔHC mice as shown by chromatin immunoprecipitation (ChIP) assay 

(Figure 4G). Increased Nrf2 nuclear translocation was demonstrated by immunofluorescence 

in the liver of APAP-treated Papss2ΔHC mice (Figure 4H), as well as in primary human 

hepatocytes treated with the sulfation inhibitor sodium chlorate (Figure 4I).

Among the phase I and II drug-metabolizing enzymes known to be involved in APAP 

metabolism, the expression of Cyp2e1, Gstπ, and Gstμ was modestly but significantly 

increased in the liver of APAP-treated Papss2ΔHC mice (Supplementary Figure 4A). The 

expression of several nuclear receptors known to play roles in APAP hepatotoxicity, 

including constitutive androstane receptor (CAR) 29, pregnane X receptor (PXR) 30, 31, 

retinoid X receptor 32, farnesoid X receptor 33, and liver X receptor α 14, was not affected 

in Papss2ΔHC mice (Supplementary Figure 4B). Treatment of WT mice with sodium chlorate 

also induced the hepatic expression of Nrf2 and its target GSH synthesizing enzyme genes in 

response to APAP (Supplementary Figure 5A), with the expression pattern of phase I and II 

enzyme genes similar to that of APAP-treated Papss2ΔHC mice (Supplementary Figure 5B).

To determine whether Nrf2 is required for the hepatoprotective effect of Papss2 ablation, 

Papss2fl/fl and Papss2ΔHC mice were given a tail-vein injection of adenovirus expressing a 

Nrf2-targeting shRNA (Ad-sh-Nrf2) or the control shRNA (Ad-sh-ctrl) before being treated 

with a single dose of APAP (200 mg/kg) for 24h. The Ad-sh-ctrl infected Papss2ΔHC 

mice remained protected from APAP hepatotoxicity. In contrast, infection with Ad-sh-Nrf2 

re-sensitized Papss2ΔHC mice to APAP-induced liver injury, as evidenced by increased 

histological liver necrosis (Figure 4J), and serum levels of ALT and AST (Figure 4K). 

Knockdown of Nrf2 also decreased the mRNA (Figure 4L) and protein (Figure 4M) 

expression of Nrf2 and its target genes.
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The hepatoprotective effect of Papss2 ablation is p53 and p21 dependent

Interestingly, the hepatoprotective phenotype of APAP-treated Papss2ΔHC mice was 

accompanied by increased protein expression of the tumor suppressor gene p53 and its 

primary target gene p21 (Figure 5A). The accumulation of p53 and p21 proteins was also 

observed in Papss2ΔHC mice treated with vehicle, or APAP for 1, 3, and 6h (Supplementary 

Figure 6A). At the mRNA level, the expression of p21, but not p53 was induced in APAP-

treated Papss2ΔHC mice (Figure 5B). The recruitment of p53 onto the p21 gene promoter 

was increased in the liver of APAP-treated Papss2ΔHC mice as shown by ChIP assay (Figure 

5C). p21 has been reported to enhance Nrf2-mediated antioxidative response through its 

stabilization of the Nrf2 protein 34, 35. Thus, the Papss2ΔHC-p53-p21-Nrf2 axis provides a 

plausible mechanism by which Papss2 ablation protects mice from APAP hepatotoxicity.

The increased expression of p53, p21, and NRF2 was also observed in the livers of APAP 

overdose patients compared to the normal subjects as shown by immunohistochemistry 

(Figure 5D). In the same cohort of human liver samples, the immunostaining signal of 

PAPSS2 showed inverse correlations with those of p53, p21, and NRF2 (Figure 5E). 

Analysis of the GEO dataset GSE13465 showed that the suppression of PAPSS2 in 

APAP-treated human primary hepatocytes was also accompanied by increased expression 

of p21 and a panel of NRF2 responsive GSH biosynthesis genes (Figure 5F), whereas 

the expression of PAPSS2 showed inverse correlations with the expression of p21, GCLC, 

GCLM, HMOX1, and NQO1 (Figure 5G). In the pharmacological model, increased nuclear 

accumulation of p53 was observed in APAP-treated human primary hepatocytes co-treated 

with the sulfation inhibitor sodium chlorate (Supplementary Figure 7). p53 was reported to 

protect against APAP-induced hepatotoxicity via the acute suppression of JNK activation 
36. Indeed, we observed an inhibition of JNK activation in Papss2ΔHC mice treated with 

APAP for 1, 3, or 6h (Supplementary Figure 3B), and knockdown of p53 restored the JNK 

activation in Papss2ΔHC mice (Supplementary Figure 6B). These results suggest that the 

inhibition of JNK activation may have contributed to the protective effect of Papss2 ablation 

on APAP-induced liver injury. Receptor interacting protein kinase 3 (RIP3) is a necroptosis 

mediator of APAP hepatotoxicity 37. We found an inhibition RIP3 expression in Papss2ΔHC 

mice treated with APAP for 6h (Supplementary Figure 3B), which was consistent with the 

protective phenotype.

To determine whether the expression and accumulation of p53 are required for the 

hepatoprotective effect of Papss2 ablation, Papss2fl/fl and Papss2ΔHC mice were given 

adenovirus expressing a p53-targeting shRNA (Ad-sh-p53) or Ad-sh-ctrl before being 

treated with APAP. Compared to mice infected with Ad-sh-ctrl, infection with Ad-sh-p53 

abolished the protective effect of Papss2 ablation, as evidenced by the gross appearance 

and increased histological liver necrosis (Figure 6A) and increased serum levels of ALT 

and AST (Figure 6B). Knockdown of p53 also abolished the antioxidative benefits of 

Papss2 ablation, as evidenced by decreased hepatic total GSH and GSH content and the 

ratio of GSH/GSSG (Figure 6C), decreased mRNA (Figure 6D) and protein (Figure 6E) 

expression of p21, Nrf2 and GSH biosynthesis enzyme genes, and inhibition of the nuclear 

translocation of p53 and Nrf2 (Figure 6F).
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We also showed the hepatoprotective effect of Papss2 ablation was p21 dependent. In 

this experiment, Papss2fl/fl and Papss2ΔHC mice were given adenovirus expressing a p21-

targeting shRNA (Ad-sh-p21) or Ad-sh-ctrl before treatment with APAP. Compared to 

mice infected with Ad-sh-ctrl, infection with Ad-sh-p21 abolished the protective effect of 

Papss2 ablation, as evidenced by increased liver necrosis (Supplementary Figure 8A) and 

increased serum levels of ALT and AST (Supplementary Figure 8B). Knockdown of p21 

also decreased the mRNA (Supplementary Figure 8C) and protein (Supplementary Figure 

8D) expression of Nrf2 and its target genes.

p53 is a novel sulfation substrate, and Papss2 ablation accumulates p53 by blocking p53 
sulfation at Tyr160, leading to the inhibition of p53-MDM2 interaction and p53 ubiquitination

The induction of p53 in Papss2ΔHC mice was at the protein level, but not at the mRNA level, 

suggesting that the accumulation of p53 was post-transcriptional. Knowing protein tyrosine 

sulfation is a post-translational modification important for protein interactions and signaling 
3, 38, we speculated that p53 might be a novel sulfation substrate and sulfation of p53 may 

affect the stability of this protein. Indeed, immunoprecipitation followed by western blotting 

showed that in HEK293T cells, overexpression of PAPSS2 increased the tyrosine sulfation 

of p53 (Figure 7A), and this effect was abolished by the treatment of sodium chlorate 

(Figure 7B). In the liver of Papss2ΔHC mice, the tyrosine sulfation of p53 was decreased 

compared to the Papss2fl/fl controls (Figure 7C). MDM2 is a p53 interacting protein that 

negatively regulates the transcriptional activity and stability of p53 by ubiquitination 39. 

Co-IP analyses, using IP antibody of Mdm2 (Figure 7D, left) or p53 (Figure 7D, right) 

showed the binding between p53 and Mdm2 was decreased in the liver of Papss2ΔHC mice.

By using the SulfoSite prediction tool (http://sulfosite.mbc.nctu.edu.tw) 40, we predicted 

the tyrosine (Tyr) sulfation sites of the mouse p53 at Tyr160 and Tyr202. The domain 

structures of p53 and the Tyr160 and Tyr202 sites and the surrounding sequence in different 

species are outlined in Figure 7E. To confirm the tyrosine sulfation sites of p53, we over 

expressed Myc-tagged wild-type mouse p53, or its Y160F and Y202F mutants in HEK293T 

cells. Co-IP analysis showed that the Y160F mutant exhibited a noticeable decrease in 

sulfotyrosine of p53 compared to the WT and Y202F (Figure 7F). The binding between 

p53 and MDM2 was also decreased in the Y160F mutant (Figure 7F and 7G), which 

was accompanied by the decreased ubiquitination of Y160F (Figure 7H). At the functional 

level, Y160F, but not Y202F exhibited a transcriptional activity higher than the WT p53 in 

cells co-transfected with the p53-responsive p21 promoter-luciferase reporter gene p21-Luc 

(Figure 7I). Moreover, overexpression PAPSS2 inhibited WT p53, Y202F, and Nrf2 nuclear 

translocation in mouse primary hepatocytes treated with APAP, and this effect was blunted 

in Y160F transfected cells (Figure 7J), and a similar pattern of results was observed in the 

human hepatoma Huh7 cells (Supplementary Figure 9). These results suggested that Papss2 
ablation may have increased the stability of p53 by blocking p53 sulfation at Tyr160, leading 

to the inhibition of p53-MDM2 interaction and p53 ubiquitination. Indeed, the stability of 

the endogenous p53 was increased in cycloheximide-treated primary hepatocytes isolated 

from Papss2ΔHC mice, compared to their Papss2fl/fl counterparts (Figure 7K). Figure 7L 

summarizes our proposed model by which inhibition of Papss2 protects mice from oxidative 

stress and APAP-induced acute liver failure.
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Discussion

The most intriguing finding of ours is that the liver-specific Papss2ΔHC mice were protected 

from APAP-induced acute liver failure despite having a decreased APAP sulfation. The role 

of sulfation in APAP detoxification has been well documented 14,41. Results from the current 

study suggested that a decreased sulfation of APAP alone was not sufficient to lead to an 

APAP hypersensitivity. Interestingly, increased APAP sulfation was not sufficient to confer 

protection either. We recently reported that transgenic overexpression of the sulfotransferase 

SULT2B1b sensitized mice to APAP-induced liver injury, despite having an increased APAP 

sulfation. In contrast, Sult2B1b knockout mice showed resistance to APAP toxicity, but the 

mechanism remains to be defined 41.

In our Papss2ΔHC mouse model, we reason the hepatoprotective effect of Papss2 ablation 

was due to the inhibition of p53 sulfoconjugation, which led to the stabilization and 

accumulation of the p53 protein, and subsequent transcriptional activation of p21. p21 

enhances antioxidant response through its stabilization of Nrf2 34, 35. Induction of p53 

and p21 may enhance cell senescence42, but p53 has been reported to protect against 

APAP-induced hepatotoxicity in several studies36, 43. Of course, we cannot exclude the 

possibility that effect of p53 and p21 on hepatocyte senescence may have also contributed 

to the phenotypic exhibition. By using a series of loss of function models, we showed the 

hepatoprotective effect of Papss2 ablation was p53, p21, and Nrf2 dependent. Collectively, 

our results strongly suggested that the Papss2ΔHC-p53-p21-Nrf2-antioxidative axis is the 

mechanism underlying the protective effect of Papss2 ablation on APAP hepatotoxicity. 

This interpretation is consistent with the notion that oxidative stress plays a key role in 

the pathogenesis of APAP-induced liver injury 44, 45. The anti-oxidative phenotype of the 

hepatocyte-specific Papss2 knockout mice did not appear to be APAP-specific, because 

these mice were also protected from other two oxidative xenotoxicants PQ and TAA. Among 

limitations, we used adenovirus to knockdown p53 one week prior to APAP treatment. 

It will be interesting to know whether a pharmacological inhibition of p53 after APAP 

treatment can also abolish the protective effect of Papss2 ablation.

Post-translational modification is an efficient and precise mechanism to regulate p53 

functions. Many types of p53 modifications have been reported, including phosphorylation, 

ubiquitination, sumoylation, neddylation, acetylation, methylation, O-GlcNAcylation, ADP-

ribosylation, hydroxylation, and β-hydroxybutyrylation 46. To our knowledge, the current 

study provided the first evidence that p53 can be subjected to sulfoconjugation, and sulfation 

of p53 led to attenuation of antioxidant capacity and sensitization of mice to oxidative 

toxicants.

Our results are of high clinical relevance. A decreased expression of PAPSS2 was observed 

in APAP overdose patient livers and in APAP-treated primary human hepatocytes. These 

results were further verified by our bioinformatic analysis of the GEO datasets derived 

from human samples. Moreover, we found that the lower expression of PAPSS2 negatively 

correlated with the expression of p21 and NRF2 target antioxidant genes in APAP-treated 

primary human hepatocytes and in APAP overdose patients. We speculate that the decreased 

expression of PAPSS2 in APAP-induced hepatotoxicity and ALF may have represented a 
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protective response to improve the host redox homeostasis, but that was not sufficient to 

overcome the overwhelming ALF caused by APAP overdose.

In summary, we have uncovered a novel function of PAPSS2 and p53 sulfoconjugation in 

antioxidative response and APAP-induced hepatotoxicity. Our results suggest that sulfation 

of p53 is required for sensitivity to APAP-induced acute liver failure. Inhibition of p53 

sulfation is beneficial in preventing APAP toxicity through the up-regulation of the p53-p21-

Nrf2 axis of antioxidative response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What You Need to Know

BACKGROUND AND CONTEXT

The PAPS synthase 2 (PAPSS2) is the key enzyme to synthesize the universal sulfate 

donor PAPS used for protein sulfation. Acetaminophen overdose is the leading cause of 

acute liver failure.

NEW FINDINGS

The expression of PAPSS2 is decreased in acetaminophen-induced acute liver failure. 

Knockout of Papss2 or inhibition of sulfation prevents acetaminophen hepatotoxicity 

through the up-regulation of the p53-p21-Nrf2 signaling axis.

LIMITATIONS

Future studies are necessary to determine whether and how PAPSS2 sensitizes oxidative 

hepatotoxicity in humans.

IMPACT

Hepatic expression of PAPSS2 is a biomarker indicative of redox homeostasis and 

antioxidant defense. Inhibition of sulfation, especially p53 sulfation, is a promising 

strategy for clinical management of acetaminophen overdose.
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Figure 1. Hepatic expression of PAPSS2 decreases in APAP-induced hepatotoxicity and acute 
liver failure in patients and mice.
(A) Representative IHC staining of PAPSS2 in human liver sections derived from normal 

subjects or APAP overdose patients undergone liver transplantations. Shown on the right 

are the quantifications of relative PAPSS2 signals. Scale bars: 100 μm. (B) Representative 

IHC staining of Papss2 in livers of WT mice treated with vehicle or APAP (200 mg/kg) 

for indicated amount of time. Shown on the right are the quantifications of relative Papss2 

signals. Scale bars: 100 μm. (C) Relative Papss2 mRNA expression in the livers of vehicle- 

and APAP-treated mice. (n=4–6). (D) Relative PAPSS2 mRNA expression in human 

primary hepatocytes treated with different doses of APAP (0, 5, 10 mM) (GSE13430). (E) 

PAPSS2 mRNA expression in the liver of healthy subjects and APAP-induced ALF patients 

(GSE74000). *P < .05, **P < .01, ***P < .01, compared to the indicated controls. Data are 

presented as mean ± SEM.
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Figure 2. Hepatocytes are the major cellular source of PAPSS2 in the liver, and creation and 
characterization of hepatocyte-specific Papss2 knockout mice.
(A) Bioinformatic analyses of scRNA-seq dataset GSE136103 derived from normal human 

livers. Shown are scaled expression of PAPSS2 in different cell lineages and clustering 

of cell lineages. Shown on the upper right is cell lineages inferred from expression of 

marker gene signatures. t-SNE, t-distributed stochastic neighbor embedding. (B) Relative 

Papss2 mRNA expression in primary mouse hepatocytes (HEP), hepatic stellate cells (HSC), 

Kupffer cells (KC), and liver sinusoidal endothelial cells (LSEC). (n=7). (C) Strategies 

to create the Papss2fl/fl and Papss2ΔHC mice. (D to F) The mRNA (D) and protein (E) 

expression of Papss2 in the liver, ileum and colon, and mRNA expression of Papss1 in 

the liver (F) of Papss2fl/fl and Papss2ΔHC mice. (n=3–4). (G) Quantification of PAPS and 

PAP contents in primary hepatocytes. (n=6). (H) Immunofluorescent images of sulfotyrosine 

(red) in liver sections of intact Papss2fl/fl and Papss2ΔHC mice. Shown on the right are the 
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quantifications of relative sulfotyrosine signals. Scale bar: 50 μm. ***P < .001. Data are 

presented as violin, box plots, or mean ± SEM.
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Figure 3. Hepatocyte-specific knockout of Papss2 protects mice from the toxicity of APAP, 
paraquat, and thioacetamide.
(A-C) Eight-week-old male Papss2fl/fl and Papss2ΔHC mice were treated with vehicle or 

APAP (200 mg/kg) for 1, 3, 6, or 24h. Shown are representative H&E staining of the liver 

sections (24h) with the quantifications of the necrotic areas shown below (scale bar: 100 μm. 

n=3–6) (A), serum levels of ALT and AST (B), representative images of TUNEL staining 

on the liver sections (24h). Arrowheads indicate positive staining with the quantifications 

shown below (scale bar: 100 μm.) (C). (D and E) Survival of mice subjected to oral APAP 

(600 mg/kg) (D) or daily i.p. injections of paraquat (PQ, 15 mg/kg) (E). (F and G) Eight-

week-old male Papss2fl/fl mice were infected with AAV8-TBG-GFP or AAV8-TBG-Cre two 

weeks before being treated with TAA (300 mg/kg) for 24h. (n=4). Shown are representative 

H&E staining of the liver sections with the quantifications of the necrotic areas shown 

below (Scale bar: 100 μm) (F), and the serum levels of ALT and AST(G). (H and I) The 

percentage of ALT release (H) and relative ROS levels (I) in Papss2fl/fl and Papss2ΔHC 

Xu et al. Page 17

Gastroenterology. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



primary hepatocytes treated with indicated doses of APAP (left) or PQ (right) for 24h. (n=4). 

(J and K) Eight-week-old WT male mice were treated with vehicle (saline) or NaClO3 (300 

mg/kg, gavage twice at 2h before, and 2h after the APAP treatment) and treated with APAP 

(200 mg/kg) for 24h. (n=7). Shown are representative H&E staining of the liver sections 

with the quantifications of the necrotic areas shown below (Scale bar: 100 μm) (J), and 

serum levels of ALT and AST (K). (L) Survival of mice subjected to oral gavage of APAP 

(600 mg/kg), APAP + NaClO3 (300 mg/kg, gavage twice at 1h and 5h after the APAP 

gavage), or NaClO3 alone. Data are presented as box plots or mean ± SEM. *P < .05, 

**P < .01, ***P < .001. The Survival curves in (D, E and L) were analyzed by Log-rank 

(Mantel-Cox) test.
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Figure 4. Knockout of Papss2 enhances antioxidant capacity upon APAP challenge, and Nrf2 is 
required for the hepatoprotective effect of Papss2 ablation.
(A) The contents of APAP-sulfate, APAP-glucuronide and APAP-GSH in the livers of 

Papss2fl/fl and Papss2ΔHC mice treated with APAP (200 mg/kg) for 1h. (n=3). (B) The 

contents of APAP-Mer and APAP-Cys in the total 24h urine of mice treated with APAP (200 

mg/kg). (n=3). (C) The relative hepatic total GSH, GSH, and GSSG levels, and GSH/GSSG 

ratio in mice treated with APAP (200 mg/kg) for 6h. (n=4). (D) The levels of GSH in 

primary mouse hepatocytes treated with different doses of APAP (0, 2.5, 5, 10 mM) for 

24h. (E to G) Relative mRNA (E) and protein (F) expression of Nrf2 and its target genes, 

and recruitment of Nrf2 onto the Gclc and Gclm gene promotors as determined by ChIP 

(G) in the livers of mice treated with APAP for 24h. (n=3–4). The relative values of protein 

expression in the western blotting are labeled. (H and I) Representative immunofluorescent 

images of Nrf2 (green) in the liver sections of 6h APAP-treated mice (H) and in 6h 

APAP (5 mM)-treated primary human hepatocyte in the absence or presence of NaClO3 
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co-treatment (I). Shown on the right is the quantifications of nuclear to cytoplasmic ratio of 

Nrf2 fluorescence. Dotted lines indicate the outline of single cells. (J to M) Eight-week-old 

male Papss2fl/fl and Papss2ΔHC mice were infected with Ad-sh-Nrf2 or Ad-sh-ctrl one week 

before being treated with APAP (200 mg/kg) for 24h. (n=5–6). Shown are representative 

H&E staining of the liver sections with the quantifications of the necrotic areas shown below 

(Scale bar: 100 μm) (J), serum levels of ALT and AST(K), and relative mRNA (L) and 

protein (M) expression of Nrf2 and its target genes in the livers. The relative values of 

protein expression are labeled. Data are presented as mean ± SEM. *P < .05, **P < .01, 

***P < .001.
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Figure 5. Papss2 ablation activates the p53-p21-NRF2-antioxidant axis upon APAP challenge.
(A to C) Relative protein (A) and mRNA (B) expression of p53 and p21, and recruitment 

of p53 onto the p21 gene promotor as determined by ChIP (C) in the livers of 24h APAP-

treated Papss2fl/fl and Papss2ΔHC mice. (n=3–4). The relative values of protein expression 

are labeled. (D) Representative IHC staining of p53, p21, and NRF2 in human liver sections 

of normal subjects or APAP overdose patients undergone liver transplantations. Shown on 

the right are the quantifications of relative IHC signals. The numbers of cases are labeled. 

Scale bars: 100 μm. (E) Correlations between the IHC intensity of PAPSS2 and p53, NRF2, 

and p21 in the same cohort of samples shown in (D). (F and G) Heat map comparing gene 

signatures (F) and correlations between the expression of PAPSS2 and p21, GCLC, GCLM, 

HMOX1 and NQO1 (G) in primary human hepatocytes treated with different doses of APAP 

(0, 5, 10 mM) (GSE13430). Data are presented as the mean ± SEM. *P < .05, **P < .01. 

The correlations in (E and G) were analyzed by Pearson correlation coefficient analysis.
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Figure 6. The hepatoprotective effect of Papss2 ablation is p53 dependent.
Eight-week-old Papss2fl/fl and Papss2ΔHC mice were infected with Ad-sh-p53 or Ad-sh-ctrl 

one week before being treated with APAP (200 mg/kg) for 24h. (n=4–6). (A) Representative 

gross appearance and H&E staining of the liver sections. Shown on the upper right is the 

quantifications of the necrotic areas. Scale bar: 100 μm. (B) Serum levels of ALT and 

AST. (C) The relative hepatic total GSH, GSH, and GSSG levels, and GSH/GSSG ratio in 

mice treated with APAP (200 mg/kg) for 6h. (D and E) Relative mRNA (D) and protein 

(E) expression of p53, p21, Nrf2 and its target genes in the livers. The relative values of 

protein expression are labeled. (F) Representative immunofluorescent images of p53 (red) 

and Nrf2 (green) in liver sections of Papss2fl/fl and Papss2ΔHC mice infected with Ad-sh-p53 

or Ad-sh-ctrl one week before being treated with APAP for 6h. Shown on the lower right are 

the quantifications of the nuclear to cytoplasmic ratio of p53 and Nrf2 fluorescence. Data are 

presented as box plots or mean ± SEM. *P < .05, **P < .01.
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Figure 7. p53 is a novel sulfation substrate, and Papss2 ablation accumulates p53 by blocking p53 
sulfation at Tyr160, leading to the inhibition of p53-MDM2 interaction and p53 ubiquitination.
(A and B) Tyrosine sulfation of p53 was assessed by immunoprecipitation (IP) with a p53 

antibody, followed by western blotting with an anti-sulfotyrosine antibody in HEK293T 

cells transfected with pCMX-PAPSS2 without (A) or with the treatment of NaClO3 (5 mM) 

(B) for 48h. (C) Tyrosine sulfation of p53 was assessed in the livers of Papss2fl/fl and 

Papss2ΔHC mice. (D) Protein interactions were determined by co-IP with Mdm2 (left) or 

p53 (right) antibody followed by western blotting. (E) Domain structures of p53 and the 

alignment of sequences. (F and G) Tyrosine sulfation of p53 and p53-MDM2 interaction in 

HEK293T cells co-transfected with pCMX-PAPSS2 and Myc-tagged WT p53, or Y160F, 

or Y202F mutant expression plasmid for 48h. The IP antibodies are anti-Myc (p53) and 

anti-MDM2 in (F) and (G), respectively. (H) Ubiquitination of Myc-tagged WT p53, or the 

Y160F or Y202F mutant in HEK293T cells co-transfected with pCMX-PAPSS2 and HA-

ubiquitin for 24h and treated with MG132 (10 µM) for 4h. (I) Luciferase reporter assay in 
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HEK293T cells transfected with the p21-luciferase reporter and WT p53, Y160F, or Y202F 

mutant expression vector. (n=4). (J) Representative immunofluorescent images of p53 (red) 

and Nrf2 (green) in primary mouse hepatocytes transfected with vector or pCMX-PAPSS2 

and Myc-tagged WT p53, or Y160F, or Y202F mutant expression plasmid and treated with 

APAP (5 mM) for 6h. Dotted lines indicate the outline of single cells. (K) p53 protein 

stability was examined by western blotting in primary hepatocytes of indicated genotypes 

and treated with 100 µM cycloheximide (CHX) for indicated durations. (L) Proposed model 

by which inhibition of Papss2 protects mice from oxidative stress and APAP-induced acute 

liver failure. Red arrows indicate the sulfotyrosine bands in (A-C and F). Data are presented 

as mean ± SEM. *P < .05, **P < .01.
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