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Abstract

Patulin is a mycotoxin produced by a variety of molds that is found in various food products. 

The adverse health effects associated with exposure to patulin has led to many investigations into 

the biological basis driving the toxicity of patulin. Nevertheless, the mechanisms through which 

mammalian cells resists patulin-mediated toxicity is poorly understood. Here, we show that loss of 

the Nrf1 transcription factor renders cells sensitive to the acute cytotoxic effects of patulin. Nrf1 

deficiency leads to accumulation of ubiquitinated proteins and protein aggregates in response to 

patulin exposure. Nrf1 expression is induced by patulin, and activation of proteasome genes by 

patulin is Nrf1-dependent. These findings suggest the Nrf1 transcription factor plays a crucial role 

in modulating cellular stress response against patulin cytotoxicity.
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1. Introduction

Patulin (PAT) is a mycotoxin produced by a wide range of molds including Penicillium 

and Aspergillus (Saleh and Goktepe, 2019). It is a significant food contaminant frequently 

detected in fruits, fruit products, feeds, and the most common being apple juice. While many 

countries including the United States and European Union have set regulatory limits for 

patulin at 50 ug/L, levels beyond the maximum can still be found in some commercialized 

products (Harris et al., 2009; Saxena et al., 2008; Yurdun et al., 2001; Zaied et al., 2013; 
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Zhong et al., 2018). Patulin is known to have toxic effects on various organ systems in the 

body primarily targeting the kidneys, liver, gastrointestinal tract, and the immune system 

(Escoula et al., 1988; McKinley et al., 1982; Speijers et al., 1988). The molecular basis 

of its toxicity in cells remains unclear (Pal et al., 2017). Patulin is an electrophile, which 

exerts its damaging effects directly by forming covalent adducts with sulfhydryl groups 

in proteins, amino acids and other essential cellular molecules (Fliege and Metzler, 1999, 

2000). Patulin has been shown to lower glutathione content in cells and induce oxidative 

stress by generating reactive oxygen species (ROS) (Pfeiffer et al., 2005; Zhang et al., 2015). 

Patulin has also been demonstrated to disrupt endoplasmic reticulum (ER) homeostasis and 

induce DNA strand breaks and apoptosis (Boussabbeh et al., 2015).

Despite extensive research on the importance of patulin in food safety and its cellular 

effects, little is known about the genes that protect against patulin in mammalian cells. 

Previously, it was found that the expression of the yeast transcription factor, Rpn4, 

is strongly induced by patulin (Guerra-Moreno and Hanna, 2017). Rpn4 serves as an 

important mediator in maintaining protein quality control and stress response through its 

role in coordinating expression of proteasome genes, as well as genes involved in protein 

ubiquitination and DNA repair in yeast (Karpov et al., 2013; Wang et al., 2010). Rpn4 is 

a short-lived protein that is rapidly degraded by the proteasome, and the negative feedback 

circuit between Rpn4 and the proteasome provides an efficient and sensitive means to 

control the abundance of proteasome in cells (Ju et al., 2004). It is increasingly evident that 

Nrf1 plays this role in mammalian cells (Motosugi and Murata, 2019).

Nrf1 (Nuclear factor erythroid-derived 2-related factor-1, also known as NFE2L1) belongs 

to the Cap-N-Collar (CNC) family of transcription factors (Kim et al., 2016). Nrf1 plays 

a crucial role in maintaining cellular homeostasis through its role in regulating expression 

of cytoprotective genes important for stress response (Kwong et al., 1999; Lee et al., 

2013, 2011; Myhrstad et al., 2001; Ohtsuji et al., 2008; Radhakrishnan et al., 2010). The 

Nrf1 gene encodes several isoforms, and long protein isoforms include TCF11 and Nrf1a 

(also been designated previously as Nrf1). TCF11, consisting of 772 amino acids, is the 

longest form, while Nrf1a, which is 742 amino acids in size, is generated through alternate 

splicing of exon 4 of the Nrf1 gene, and it lacks a Neh4 subdomain (aa 242–271 of 

TCF11) that contains a transactivation domain (Kim et al., 2016; Luna et al., 1995). Both 

TCF11 and Nrf1a are located in the endoplasmic reticulum membrane, and they undergo 

retro-translocation into the cytoplasm and processing prior to gaining entry into the nucleus 

to activate a similar set of target genes (Radhakrishnan et al., 2014; Sha and Goldberg, 

2014; Steffen et al., 2010). Under basal conditions, TCF11 and Nrf1a are ubiquitinated and 

degraded by the proteasome, resulting in low levels of these proteins in the cell. Under 

conditions of stress however, TCF11 and Nrf1a levels are upregulated largely through 

protein stabilization (Biswas et al., 2013; Han et al., 2021).

One aspect of patulin toxicity in mammalian cells is thought to occur through induction of 

proteotoxicity (Guerra-Moreno and Hanna, 2017). As Nrf1 has been shown to be essential 

for transcriptional activation of proteasome genes in response to proteasome inhibition, we 

sought to determine its contribution in mediating protective responses to patulin toxicity. 

Here, we show that Nrf1 protein levels are strongly upregulated by patulin. We also show 
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that expression of proteasome genes is upregulated by patulin, and this response is Nrf1-

dependent. Nrf1 knockout cells are sensitive to patulin-induced cytotoxicity. These results 

demonstrate that Nrf1 can act as a sensor for patulin-mediated activation of proteasome 

genes to increase proteasomal capacity in cells. Taken together, these results suggest that 

activation of Nrf1 is an adaptive intracellular response to patulin-induced stress, and Nrf1 

plays a protective role against patulin-induced toxicity.

2. Material and methods

2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM), streptomycin, penicillin and fetal bovine 

serum (FBS) were purchased from ThermoFisher Scientific (Waltham, MA). Bradford 

protein assay reagent was from BioRad (Hercules, CA). General chemicals for buffers 

and culture media were purchased from Sigma-Aldrich (St. Louis, MO). LDH Cytotoxicity 

Assay kit was purchased from Enzo Life Sciences (Farmingdale, NY). Primary antibodies 

against Tubulin-A (3873, mouse mAb), horseradish peroxidase linked anti-rabbit IgG (7074) 

and anti-mouse IgG (7076) antibodies were from Cell Signaling Technology (Beverly, MA). 

Rabbit monoclonal antibody against TCF11/Nrf1a is also from Cell Signaling (D5B10) and 

it has been validated for specificity using Nrf1 knockout cells (Han et al., 2017).

2.2. Cells lines

Nrf1 knockout mouse embryonic fibroblast (MEF) cells and knockout cells reconstituted 

with Nrf1 cDNA were previously described, and they were grown in Dulbecco’s modified 

Eagle’s medium supplemented with 1% glutamine, 20% fetal bovine serum, and 1% 

penicillin/streptomycin at 37 °C and 5% CO2. Nrf1 knockout HEK293 cells were obtained 

from Canopy Biosciences (St. Louis, MO). HEK293 and HCT116 cells were obtained 

from ATCC (Manassas, Virginia) and cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C and 5% 

CO2.

2.3. Western blotting

Cells were lysed in Loading buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 0.01% 

bromphenol blue, 42 mM dithiothreitol), and the mixture was sonicated for 1 min and 

boiled for 5 min. Lysates were then cleared by centrifugation for 15 min at 4 °C. Proteins 

were electrophoresed on SDS-PAGE gels and transferred onto nitrocellulose membranes. 

Membranes were blocked in 5% skim milk in TBS-T (150 mM NaCl, 50 mM Tris-HCl 

pH 8.0%, and 0.05% Tween 20) at room temperature for one hour, and then incubated 

with the indicated primary antibodies at 1:1000 dilution (unless otherwise indicated) 

overnight at 4 °C followed by incubation with 1:2000 dilution of horseradish peroxidase-

conjugated secondary anti-rabbit or anti-mouse antibody. Immunoreactive bands on the blots 

were visualized using chemiluminescent detection system and quantified by densitometric 

analysis on iBright (ThermoFisher Scientific) using the on-instrument software.

Han et al. Page 3

Toxicology. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Aggresome staining

ProteoStat Aggresome dye (Enzo Life Sciences, PA) was used to detect misfolded and 

aggregated proteins in cells (Shen et al., 2011). Cells were grown on multi-chamber glass 

bottom slides and treated with vehicle or patulin. After 24 h, cells were fixed in 4% 

paraformaldehyde for 30 min at room temperature and permeabilized with 0.5% Triton 

X-100 in 1 × assay buffer for 30 min on ice. Cells were washed with 1 × assay buffer for two 

times and stained for 30 min at room temperature with ProteoStat Aggresome dye. Nuclei 

were stained with 4′,6-diamidino-2-phenylindole (DAPI; Biotium) for 5 min. Stained cells 

were examined with a Nikon epifluorescent microscope using a Texas Red filter set for the 

ProteoStat dye, and UV for blue fluorescence for DAPI, respectively. Images were acquired 

using a 63 × objective lens with a Spot RT3 digital camera and Adobe Photoshop CS was 

used to layer the captured images. Fluorescence intensity per cell was quantified using NIH 

ImageJ analysis software to obtain mean corrected total cell fluorescence (CTCF) of 8–10 

readings/area per high power field, and CTCF was calculated as: Integrated density– (Area 

of selected cell x mean background fluorescence).

2.5. Cell viability assay

Cell viability was assessed by Trypan blue exclusion or LDH-WST assay. For Trypan blue 

assay, MEF cells were seeded at a density of 3 × 105 cells/well in 6-well plate. After 

overnight growth, cells were incubated with patulin at 5uM concentrations for 24 h at 37 °C. 

At the end of incubation, the number of viable cells and non-viable (Trypan blue stained) 

were counted. Briefly, trypan blue solution was added to the cell suspensions in a 1:1 ratio, 

and percentage of living cells and dead cells were analyzed on a DeNovix (Wilmington, 

DE) automated cell counter. Triplicate values were averaged, and SEM calculated and 

graphed with Prism software (GraphPad). Cell viability was determined as follows: Viability 

(%) = (live/total cells) X 100%. For LDH release assays, HEK293 cells were seeded in 

96-well plates in 6–8 replicates per condition at a density of 104 cells/well. After attaching, 

cells were treated with the indicated concentration of patulin for 24 hr, LDH released in 

the extracellular environment was measured by water-soluble tetrazolium salts (WST-1) 

conversion assay done according to manufacturer’s recommendation. Absorbance reading at 

490 nm was then measured using a Synergy H1 multi-well plate reader (Agilent; Santa 

Clara, CA). Wells containing media alone were used as blanks to subtract absorption 

by media components. Results were normalized to untreated cells as negative control 

(expressed as 100%). Positive control consisted of treating cells with lysis buffer to achieve 

100% lysis. Cytotoxicity was determined as: Cytotoxicity (%) = (absorbance of sample 

- absorbance of negative control /absorbance of positive control - absorbance of negative 

control) X 100%.

2.6. RNA isolation and RT-PCR

Total RNA was extracted using Zymo DirectZol RNA Miniprep (Zymo Research, Irvine, 

CA), and iScript Advanced cDNA Synthesis Kit (BioRad, Hercules, CA) was used for 

cDNA synthesis. Quantitative RT-PCR was performed using Roche FastStart DNA Green 

Master Mix (Roche LifeScience) with previously described primers (Han et al., 2021), in a 

QuantStudio-3 Real-Time PCR system running QuantStudio Design and Analysis Software 
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(v1.5.1, Applied Biosystems). PCR cycling conditions consist of 95 °C for 10 min and 40 

cycles of 95 °C for 10 s and 60 °C for 30 s. Results were calculated using the ΔΔCT method 

with ALAS1 as reference gene.

2.7. Statistical analysis

Data are expressed as means ± SD. Statistical analyses using Student’s t-test or one way 

ANOVA done with Prism software (GraphPad), * indicates P values < 0.05 and considered 

significant.

3. Results

3.1. Nrf1 knockout cells are more susceptible to cytotoxicity induced by patulin

To determine whether Nrf1 protects against patulin-induced cytotoxicity, MEF cells derived 

from Nrf1 knockout mice were used. Cytotoxic effects of patulin on knockout cells were 

compared to isogenic knockout cells complemented with wild type Nrf1a cDNA. Cells were 

treated with 10 or 20 μM of patulin for 24 h, and cell death was determined by trypan-blue 

exclusion assay. The concentrations chosen were within the range used in previous studies 

done on similar cell lines, and they are also within the range that is encountered in cases 

where exposure is beyond the maximum recommended limits in humans (Pillay et al., 2020; 

Zhang et al., 2015; Zhong et al., 2018; Zhou et al., 2010). Compared to cells expressing 

Nrf1a, knockout cells showed decreased survival after treatment with patulin (Fig. 1A). 

To confirm these findings, the cytotoxic effects of patulin were also examined in HEK293 

human embryonic kidney cell line. Wild type control and Nrf1 knockout HEK293 cells were 

treated with 5, 10 or 20 μM patulin, and cell death was measured by LDH leakage assay. 

Consistent with MEF-cell data, treatment of Nrf1 knockout HEK293 cells with increasing 

concentrations of patulin resulted in decrease in cell viability over a 24-hour period (Fig. 

1B). Together, these results demonstrate that loss of Nrf1 sensitizes cells to patulin-induced 

cytotoxicity.

3.2. Patulin induces accumulation of ubiquitinated proteins and aggresomes in Nrf1 
deficient cells

Next, we examined the impact of Nrf1 deficiency on proteotoxic stress induced by patulin. 

Cells were treated with patulin, and lysates were analyzed for ubiquitinated proteins 

by immunoblotting. In patulin treated cells, levels of global protein ubiquitination were 

significantly higher in Nrf1 knockout cells, compared with knockout cell rescued with 

Nrf1a. This is seen as enhanced smears in a broad region of membrane proteins (Fig. 2A 

and B). Similarly, Nrf1 knockout HEK293 cells showed increased levels of ubiquitinated 

proteins compared to wild type cells (Fig. 2C). To determine whether knockout cells are 

susceptible protein aggregation in response to patulin, formation of aggresome bodies were 

monitored using the ProteoStat Aggresome Detection dye. This dye has been validated 

to specifically detect protein aggregates and aggresomes in cells. Structures stained by 

ProteoStat dye were found in the perinuclear region, and in untreated cells, staining was 

slightly higher in knockout cells compared to knockout cells rescued with Nrf1a cDNA 

suggesting that basal level of proteostatic function is diminished in knockout cells (Fig. 

2D top panels and 2E). After treatment with patulin, ProteoStat staining was much higher 
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in knockout cells than in cells expressing Nrf1a (Fig. 2D bottom panels and 2E). As 

aggresomes are formed when the protein degradation system is overwhelmed, this suggests 

that proteostatic response to patulin treatment is compromised by loss of Nrf1 function. 

Together, these findings suggest that expression of Nrf1 protects against patulin-induced 

accumulation of ubiquitinated proteins and aggresome formation.

3.3. Nrf1 expression is induced by patulin

Nrf1 is known to be responsive to cellular stresses. Accordingly, we sought to determine 

whether the expression of Nrf1 is induced by patulin exposure. Nrf1 proteins, as 

demonstrated by.

bands above and below the 130 kDa marker, were elevated by patulin in HEK293 cells 

in a dose-dependent manner (Fig. 3A). Western blotting also revealed a time-dependent 

induction of Nrf1 in HEK293 cells (Fig. 3B). An increase was observed 0.5 h after patulin 

treatment and levels increased further over time with a maximum amount seen by 2 and 

4 h. Like HEK293 cells, Nrf1 expression was induced in mouse embryonic fibroblasts 

and HCT116 cells by patulin in a dose-dependent manner indicating that patulin-mediated 

upregulation is not cell specific (Fig. 3C and D). Together, these results demonstrate that 

Nrf1 expression is upregulated by patulin.

3.4. Patulin upregulates the proteasome pathway through Nrf1

Patulin is thought to mediate toxicity through a mechanism involving proteotoxic stress and 

has been shown to increase proteasome levels in yeast. RT-qPCR was done to examine 

the effect of patulin on Nrf1-mediated regulation of proteasome gene expression. For 

cells not treated with patulin, mRNA expression of several proteasome genes was lower 

in Nrf1 knockout cells compared with knockout cells reconstituted with Nrf1a (Fig. 4). 

Patulin treatment in Nrf1 knockout cells expressing Nrf1a elicited up-regulation of various 

proteasome genes. In contrast, induction of proteasome genes by patulin was not observed 

in Nrf1 knockout cells (Fig. 4). Expression of USP7 and YWHAZ, which are not known 

targets of Nrf1, remained unchanged between knockout and knockout cells expressing 

Nrf1a, and were not induced by patulin. The upregulation of proteasome genes observed 

might be a protective and adaptive response by cells to patulin toxicity.

4. Discussion

In this study, we identify patulin, a mycotoxin found commonly in agricultural products, 

as an activator of Nrf1 transcription factor. We demonstrate that patulin induces expression 

of proteasome genes through Nrf1 and that cells deficient in Nrf1 are more sensitive to 

patulin-induced cytotoxicity. The proteasome is responsible for elimination of damaged or 

misfolded proteins and protein aggregates that originate in the cell under both normal and 

pathological conditions, and their accumulation leads to proteotoxic stress and cell death 

(Ciechanover and Kwon, 2015; Dantuma and Lindsten, 2010; Gilda and Gomes, 2017; Jung 

and Grune, 2008; Obeng et al., 2006; Pohl and Dikic, 2019; Smith et al., 2011; Wu and 

Rapoport, 2018). A growing body of evidence indicates that Nrf1 transcription factor is 

crucial in maintaining protein homeostasis by regulating expression of proteasome subunits 
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(Lee et al., 2013, 2011; Radhakrishnan et al., 2010; Steffen et al., 2010). Rpn4, a speculated 

Nrf1 ortholog in yeast, was also found to be activated by patulin to induce proteasome 

pathway, and toxicity to patulin was exacerbated by a loss of Rpn4. These similarities 

between Rpn4 and Nrf1 suggest that the protective mechanism mediated by the proteasome 

degradation pathway in response to patulin toxicity is conserved in evolution.

Our results suggest that a mechanism of cytotoxicity caused by patulin in Nrf1 knockout 

cells is through induction of proteotoxic stress. Consistent with this, ubiquitinated protein 

levels and aggresomes were elevated by patulin treatment in Nrf1 knockout cells. Patulin 

has also been shown to have a high affinity for covalent binding to sulfhydryl groups 

as well as lysine, histidine, and α-amino groups that can lead to the generation and the 

accumulation of misfolded proteins (Fliege and Metzler, 1999). In addition, patulin is 

known to induce production of reactive oxygen species (ROS), which can directly inactivate 

peptidase function and thus reducing the flux of proteins through the proteasome (Farout 

et al., 2006). Moreover, excessive ROS could incur damages to proteins by cleavage, cross-

linking reactions and oxidization of amino acid side chains and backbone thereby causing 

a toxic buildup of such proteins and protein aggregates overwhelming proteasome function 

and triggering proteotoxic stress (Fliege and Metzler, 2000; Zhang et al., 2015).

Nrf1 expression is induced by patulin. Whether this occurs through transcriptional induction 

or post transcriptional mechanism via protein stabilization remains to be determined. In 

this regard, a recent study suggests that patulin-mediated induction of Nrf2, a paralog of 

Nrf1 involved in cellular stress response, is achieved through its interaction with KEAP1 

(Pillay et al., 2021). Under normal conditions, Nrf2 is sequestered by KEAP1 in the 

cytosol, prompting Nrf2 for degradation via the ubiquitin-proteasome pathway (Baird and 

Yamamoto, 2020). Intracellular accumulation of electrophilic substances, such as patulin, 

can modify the cysteine residues on KEAP1 causing a conformational change that triggers 

the release of KEAP1-bound Nrf2 which then translocates to the nucleus to activate gene 

expression (Pillay et al., 2021). As Nrf1 shares structural similarities with Nrf2 and is 

also known to interact with KEAP1, it is possible that patulin-mediated induction of Nrf1 

is also achieved by its release from KEAP1. Furthermore, patulin was shown to activate 

various intracellular kinases including mitogen-activated protein kinases (MAPKs), p38 

kinase, and c-Jun N-terminal kinase (JNK) (Liu et al., 2006). As Nrf1 also undergoes 

various post-translational modification including phosphorylation to modulate its stability 

and function, it is possible that the patulin-mediated induction of Nrf1 is achieved through 

modulating the activity of post-translational modification enzymes (Biswas et al., 2013; Han 

et al., 2017; Tsuchiya et al., 2013).

In summary, we identify patulin as an activator of Nrf1 expression and function. 

Furthermore, Nrf1 deficient cells showed greater sensitivity towards patulin toxicity. 

Together, these findings provide a new context in which Nrf1 may have a protective role 

in response to patulin, a prevalent toxin associated with various health problems.

Acknowledgements

This study was supported by National Institute of Health/National Institute of Environmental Health Sciences grant 
ES029481 to JYC.

Han et al. Page 7

Toxicology. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

Baird L, Yamamoto M, 2020. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol. 
Cell Biol 40 (13) 10.1128/MCB.00099-20.

Biswas M, Kwong EK, Park E, Nagra P, Chan JY, 2013. Glycogen synthase kinase 3 regulates 
expression of nuclear factor-erythroid-2 related transcription factor-1 (Nrf1) and inhibits pro-
survival function of Nrf1. Exp. Cell Res 319 (13), 1922–1931. 10.1016/j.yexcr.2013.04.013. 
[PubMed: 23623971] 

Boussabbeh M, Ben Salem I, Prola A, Guilbert A, Bacha H, Abid-Essefi S, Lemaire C, 2015. Patulin 
induces apoptosis through ROS-mediated endoplasmic reticulum stress pathway. Toxicol. Sci 144 
(2), 328–337. 10.1093/toxsci/kfu319. [PubMed: 25577197] 

Ciechanover A, Kwon YT, 2015. Degradation of misfolded proteins in neurodegenerative diseases: 
therapeutic targets and strategies. Exp. Mol. Med 47, e147 10.1038/emm.2014.117. [PubMed: 
25766616] 

Dantuma NP, Lindsten K, 2010. Stressing the ubiquitin-proteasome system. Cardiovasc. Res 85 (2), 
263–271. 10.1093/cvr/cvp255. [PubMed: 19633314] 

Escoula L, Thomsen M, Bourdiol D, Pipy B, Peuriere S, Roubinet F, 1988. Patulin immunotoxicology: 
effect on phagocyte activation and the cellular and humoral immune system of mice and rabbits. Int. 
J. Immunopharmacol 10 (8), 983–989. 10.1016/0192-0561(88)90045-8. [PubMed: 3265132] 

Farout L, Mary J, Vinh J, Szweda LI, Friguet B, 2006. Inactivation of the proteasome by 4-hydroxy-2-
nonenal is site specific and dependant on 20S proteasome subtypes. Arch. Biochem. Biophys 453 
(1), 135–142. 10.1016/j.abb.2006.02.003. [PubMed: 16530722] 

Fliege R, Metzler M, 1999. The mycotoxin patulin induces intra- and intermolecular protein crosslinks 
in vitro involving cysteine, lysine, and histidine side chains, and alpha-amino groups. Chem. Biol. 
Interact 123 (2), 85–103. 10.1016/S0009-2797(99)00123-4. [PubMed: 10597903] 

Fliege R, Metzler M, 2000. Electrophilic properties of patulin. N-acetylcysteine and glutathione 
adducts. Chem. Res. Toxicol 13 (5), 373–381. 10.1021/tx9901480. [PubMed: 10813654] 

Gilda JE, Gomes AV, 2017. Proteasome dysfunction in cardiomyopathies. J. Physiol 595 (12), 4051–
4071. 10.1113/JP273607. [PubMed: 28181243] 

Guerra-Moreno A, Hanna J, 2017. Induction of proteotoxic stress by the mycotoxin patulin. Toxicol. 
Lett 276, 85–91. 10.1016/j.toxlet.2017.05.015. [PubMed: 28529145] 

Han JJW, Ho DV, Kim HM, Lee JY, Jeon YS, Chan JY, 2021. The deubiquitinating enzyme USP7 
regulates the transcription factor Nrf1 by modulating its stability in response to toxic metal 
exposure. J. Biol. Chem 296, 100732 10.1016/j.jbc.2021.100732. [PubMed: 33933455] 

Han JW, Valdez JL, Ho DV, Lee CS, Kim HM, Wang X, Chan JY, 2017. Nuclear factor-erythroid-2 
related transcription factor-1 (Nrf1) is regulated by O-GlcNAc transferase. Free Radic. Biol. Med 
110, 196–205. 10.1016/j.freeradbiomed.2017.06.008. [PubMed: 28625484] 

Harris KL, Bobe G, Bourquin LD, 2009. Patulin surveillance in apple cider and juice marketed in 
Michigan. J. Food Prot 72 (6), 1255–1261. 10.4315/0362-028x-72.6.1255. [PubMed: 19610336] 

Ju D, Wang L, Mao X, Xie Y, 2004. Homeostatic regulation of the proteasome via an Rpn4-dependent 
feedback circuit. Biochem. Biophys. Res. Commun 321 (1), 51–57. 10.1016/j.bbrc.2004.06.105. 
[PubMed: 15358214] 

Jung T, Grune T, 2008. The proteasome and its role in the degradation of oxidized proteins. IUBMB 
Life 60 (11), 743–752. 10.1002/iub.114. [PubMed: 18636510] 

Karpov DS, Spasskaya DS, Tutyaeva VV, Mironov AS, Karpov VL, 2013. Proteasome inhibition 
enhances resistance to DNA damage via upregulation of Rpn4-dependent DNA repair genes. 
FEBS Lett. 587 (18), 3108–3114. 10.1016/j.febslet.2013.08.007. [PubMed: 23954292] 

Kim HM, Han JW, Chan JY, 2016. Nuclear Factor Erythroid-2 Like 1 (NFE2L1): structure, function 
and regulation. Gene 584 (1), 17–25. 10.1016/j.gene.2016.03.002. [PubMed: 26947393] 

Kwong M, Kan YW, Chan JY, 1999. The CNC basic leucine zipper factor, Nrf1, is essential for cell 
survival in response to oxidative stress-inducing agents. Role for Nrf1 in gamma-gcs(l) and gss 
expression in mouse fibroblasts. J. Biol. Chem 274 (52), 37491–37498. [PubMed: 10601325] 

Lee CS, Lee C, Hu T, Nguyen JM, Zhang J, Martin MV, Chan JY, 2011. Loss of nuclear factor 
E2-related factor 1 in the brain leads to dysregulation of proteasome gene expression and 

Han et al. Page 8

Toxicology. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurodegeneration. Proc. Natl. Acad. Sci. USA 108 (20), 8408–8413. 10.1073/pnas.1019209108. 
[PubMed: 21536885] 

Lee CS, Ho DV, Chan JY, 2013. Nuclear factor-erythroid 2-related factor 1 regulates expression of 
proteasome genes in hepatocytes and protects against endoplasmic reticulum stress and steatosis in 
mice. FEBS J. 280 (15), 3609–3620. 10.1111/febs.l2350. [PubMed: 23702335] 

Liu BH, Wu TS, Yu FY, Wang CH, 2006. Mycotoxin patulin activates the p38 kinase and JNK 
signaling pathways in human embryonic kidney cells. Toxicol. Sci 89 (2), 423–430. 10.1093/
toxsci/kQ049. [PubMed: 16306151] 

Luna L, Skammelsrud N, Johnsen O, Abel KJ, Weber BL, Prydz H, Kolsto AB, 1995. Structural 
organization and mapping of the human TCF11 gene. Genomics 27 (2), 237–244. 10.1006/
geno.1995.1037. [PubMed: 7557987] 

McKinley ER, Carlton WW, Boon GD, 1982. Patulin mycotoxicosis in the rat: toxicology, pathology 
and clinical pathology. Food Chem. Toxicol 20 (3), 289–300. 10.1016/s0278-6915(82)80295-0. 
[PubMed: 7201955] 

Motosugi R, Murata S, 2019. Dynamic regulation of proteasome expression. Front. Mol. Biosci 6, 30. 
10.3389/fmolb.2019.00030. [PubMed: 31119134] 

Myhrstad MC, Husberg C, Murphy P, Nordstrom O, Blomhoff R, Moskaug JO, Kolsto AB, 2001. 
TCF11/Nrf1 overexpression increases the intracellular glutathione level and can transactivate the 
gamma-glutamylcysteine synthetase (GCS) heavy subunit promoter. Biochim. Biophys. Acta 1517 
(2), 212–219. [PubMed: 11342101] 

Obeng EA, Carlson LM, Gutman DM, Harrington WJ Jr., Lee KP, Boise LH, 2006. Proteasome 
inhibitors induce a terminal unfolded protein response in multiple myeloma cells. Blood 107 (12), 
4907–4916. 10.1182/blood-2005-08-3531. [PubMed: 16507771] 

Ohtsuji M, Katsuoka F, Kobayashi A, Aburatani H, Hayes JD, Yamamoto M, 2008. Nrf1 and Nrf2 play 
distinct roles in activation of antioxidant response element-dependent genes. J. Biol. Chem 283 
(48), 33554–33562. 10.1074/jbc.M804597200. [PubMed: 18826952] 

Pal S, Singh N, Ansari KM, 2017. Toxicological effects of patulin mycotoxin on the mammalian 
system: an overview. Toxicol. Res 6 (6), 764–771. 10.1039/c7tx00138j.

Pfeiffer E, Diwald TT, Metzler M, 2005. Patulin reduces glutathione level and enzyme activities in rat 
liver slices. Mol. Nutr. Food Res 49 (4), 329–336. 10.1002/mnfr.200400089. [PubMed: 15744717] 

Pillay Y, Nagiah S, Phulukdaree A, Krishnan A, Chuturgoon AA, 2020. Patulin suppresses 
alpha1-adrenergic receptor expression in HEK293 cells. Sci. Rep 10 (1), 20115. 10.1038/
s41598-020-77157-0. [PubMed: 33208818] 

Pillay Y, Ghazi T, Raghubeer S, Nagiah S, Chuturgoon AA, 2021. Patulin activates the NRF2 pathway 
by modulation of miR-144 expression in HEK293 cells. Mycotoxin Res. 37 (1), 97–103. 10.1007/
sl2550-020-00418-4. [PubMed: 33403569] 

Pohl C, Dikic I, 2019. Cellular quality control by the ubiquitin-proteasome system and autophagy. 
Science 366 (6467), 818–822. 10.1126/science.aax3769. [PubMed: 31727826] 

Radhakrishnan SK, Lee CS, Young P, Beskow A, Chan JY, Deshaies RJ, 2010. Transcription factor 
Nrf1 mediates the proteasome recovery pathway after proteasome inhibition in mammalian cells. 
Mol. Cell 38 (1), 17–28. 10.1016/j.molcel.2010.02.029. [PubMed: 20385086] 

Radhakrishnan SK, den Besten W, Deshaies RJ, 2014. p97-dependent retrotranslocation and 
proteolytic processing govern formation of active Nrf1 upon proteasome inhibition. Elife 3, 
e01856. 10.7554/eLife.01856. [PubMed: 24448410] 

Saleh I, Goktepe I, 2019. The characteristics, occurrence, and toxicological effects of patulin. Food 
Chem. Toxicol 129, 301–311. 10.1016/j.fct.2019.04.036. [PubMed: 31029720] 

Saxena N, Dwivedi PD, Ansari KM, Das M, 2008. Patulin in apple juices: incidence and 
likely intake in an Indian population. Food Addit. Contam. Part B Surveill 1 (2), 140–146. 
10.1080/02652030802378848. [PubMed: 24784811] 

Sha Z, Goldberg AL, 2014. Proteasome-mediated processing of Nrf1 is essential for coordinate 
induction of all proteasome subunits and p97. Curr. Biol 24 (14), 1573–1583. 10.1016/
j.cub.2014.06.004. [PubMed: 24998528] 

Shen D, Coleman J, Chan E, Nicholson TP, Dai L, Sheppard PW, Patton WF, 2011. Novel 
cell- and tissue-based assays for detecting misfolded and aggregated protein accumulation 

Han et al. Page 9

Toxicology. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within aggresomes and inclusion bodies. Cell. Biochem. Biophys 60 (3), 173–185. 10.1007/
sl2013-010-9138-4. [PubMed: 21132543] 

Smith MH, Ploegh HL, Weissman JS, 2011. Road to ruin: targeting proteins for degradation in 
the endoplasmic reticulum. Science 334 (6059), 1086–1090. 10.1126/science.1209235. [PubMed: 
22116878] 

Speijers GJ, Franken MA, van Leeuwen FX, 1988. Subacute toxicity study of patulin in the 
rat: effects on the kidney and the gastro-intestinal tract. Food Chem. Toxicol 26 (1), 23–30. 
10.1016/0278-6915(88)90037-3. [PubMed: 3345966] 

Steffen J, Seeger M, Koch A, Kruger E, 2010. Proteasomal degradation is transcriptionally 
controlled by TCF11 via an ERAD-dependent feedback loop. Mol. Cell 40 (1), 147–158. 10.1016/
j.molcel.2010.09.012. [PubMed: 20932482] 

Tsuchiya Y, Taniguchi H, Ito Y, Morita T, Karim MR, Ohtake N, Kobayashi A, 2013. The casein 
kinase 2-Nrf1 axis controls the clearance of ubiquitinated proteins by regulating proteasome gene 
expression. Mol. Cell Biol 33 (17), 3461–3472. 10.1128/MCB.01271-12. [PubMed: 23816881] 

Wang X, Xu H, Ha SW, Ju D, Xie Y, 2010. Proteasomal degradation of Rpn4 in Saccharomyces 
cerevisiae is critical for cell viability under stressed conditions. Genetics 184 (2), 335–342. 
10.1534/genetics.109.112227. [PubMed: 19933873] 

Wu X, Rapoport TA, 2018. Mechanistic insights into ER-associated protein degradation. Curr. Opin. 
Cell Biol 53, 22–28. 10.1016/j.ceb.2018.04.004. [PubMed: 29719269] 

Yurdun T, Omurtag GZ, Ersoy O, 2001. Incidence of patulin in apple juices marketed in Turkey. J. 
Food Prot 64 (11), 1851–1853. 10.4315/0362-028x-64.11.1851. [PubMed: 11726174] 

Zaied C, Abid S, Hlel W, Bacha H, 2013. Occurrence of patulin in apple-based-foods largely 
consumed in Tunisia. Food Control 31 (2), 263–267.

Zhang B, Peng X, Li G, Xu Y, Xia X, Wang Q, 2015. Oxidative stress is involved in Patulin induced 
apoptosis in HEK293 cells. Toxicon 94, 1–7. 10.1016/j.toxicon.2014.12.002. [PubMed: 25478806] 

Zhong L, Carere J, Lu Z, Lu F, Zhou T, 2018. Patulin in apples and apple-based food products: the 
burdens and the mitigation strategies. In: Toxins, 10. 10.3390/toxinsl0110475.

Zhou SM, Jiang LP, Geng CY, Cao J, Zhong LF, 2010. Patulin-induced oxidative DNA damage 
and p53 modulation in HepG2 cells. Toxicon 55 (2–3), 390–395. 10.1016/j.toxicon.2009.08.019. 
[PubMed: 19744505] 

Han et al. Page 10

Toxicology. Author manuscript; available in PMC 2023 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Nrf1 knockout cells show enhanced sensitivity to patulin-induced cytotoxicity. (A) Nrf1−/− 

and Nrf1−/− MEF cells complemented with Nrf1a cDNA were cultured with the indicated 

concentration of patulin. After 24 h, trypan blue dye exclusion assays were done. Percent 

dead cells was calculated as (dead cells/dead cells + live cells) x 100%. Data represents 

means ± SD for 3 independent experiments. Statistical analysis was done using Student’s 

t-test (*) represents p < 0.05. (B) Nrf1 wild type and Nrf1 knockout HEK293 cells were 

treated with the indicated concentration of patulin. After 24 h, LDH-WST assays were 
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done. Percent cytotoxicity was calculated as (sample – negative control/positive control - 

negative control) x 100%. Data represents means ± SD for 3 independent experiments each 

containing 8 replicates. Statistical analysis was done using Student’s t-test (*) represents p < 

0.05.
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Fig. 2. 
Patulin induces accumulation of ubiquitinated proteins and aggresomes in Nrf1 deficient 

cells. (A) Representative western blot showing total ubiquitin-bound proteins in Nrf1 

knockout MEF cells and knockout cells rescued with Nrf1a, at basal conditions and 

following treatment with 4 μM or 8uM patulin for 24 h. Whole-cell lysates were subjected 

to western blotting using anti-TCF11 antibody (top panel), anti-ubiquitin (middle panel) and 

anti-alpha-tubulin (bottom panel). The anti-TCF11 antibody recognizes the long isoforms 

of Nrf1 (TCF11 and Nrf1a). The band migrating above 130 kDa corresponds to membrane 

localized proteins (open arrowhead), while the band migrating below 130 kDa corresponds 

to membrane-free Nrf1 (filled arrowhead). Western blot against alpha-tubulin was used 

for protein loading control. (B) Bar graph shows densitometric analysis of ubiquitin 

immunoblots normalized to alpha-tubulin. Values are expressed in arbitrary units, and 

presented as mean ± SD. Data were analyzed using Student’s t-test, (*P < 0.05). (C) 

Western blot showing ubiquitin-bound proteins in wild type and Nrf1 knockout HEK293 

cells, at basal conditions and following treatment with 4 μM or 8uM patulin for 24 h. Whole-
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cell lysates were subjected to western blotting using anti-TCF11 antibody (top panel), anti-

ubiquitin (middle panel) and anti-alpha-tubulin (bottom panel). (D) Cells were incubated for 

24 h with 4 μM patulin or vehicle control, fixed and then stained with ProteoStat dye. The 

nuclei were stained with DAPI (blue). Representative images are shown. (E) Box plots of 

ProteoStat staining in cells. Data are mean ± SD of 2 independent experiments. Corrected 

total cell fluorescence (CTCF) calculations were done using images from 3 to 4 different 

high-power fields each containing at least 10 cells/condition. Data were analyzed using 

Student’s t-test, (*P < 0.05).
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Fig. 3. 
Patulin activates Nrf1 expression. (A) HEK293 cells were treated for 2 h with vehicle 

or with the indicated concentration of patulin. Cell lysates were then prepared and 

immunoblotted for Nrf1 using anti-TCF11 antibody which recognizes the TCF11 and Nrf1a 

isoforms. Membrane form (open arrowhead) of TCF11/Nrf1a are seen as multiple bands 

migrating above 130 kDa and membrane-free forms (filled arrowhead) are seen as bands 

migrating below 130 kDa. Western blotting against alpha-tubulin was used for protein 

loading control. (B) HEK293 cells were treated with 4 μM patulin, and cell lysates were 

prepared at the indicated time points for western blotting with anti-TCF11 and alpha-tubulin 

antibodies. Histograms showing the quantification of TCF11/Nrf1a relative to total α-tubulin 
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in HEK203 cells. Density values are expressed in arbitrary units (AUs), and data are mean 

± SD (n = 3 replicates), one-way ANOVA, *P < 0.05. Dose response of patulin-induced 

TCF11/Nrf1a protein expression in (C) HCT116 and (D) MEF cells after 2 h of culture.
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Fig. 4. 
Patulin upregulates the proteasome pathway through Nrf1. Nrf1−/− MEF cells, or Nrf1−/− 

expressing Nrf1a were cultured with vehicle control or 2uM patulin. After 16 h, RNA was 

extracted and analyzed for expression of known Nrf1 target genes. Dot-plots depict relative 

expression of indicated genes. P values were calculated by Student’s t-test (n = 3), (*) 

indicates p < 0.05.
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