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Abstract

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a halogenated aromatic hydrocarbon 

and environmental contaminant, results in several deleterious effects, including fetal malformation 

and cancer. These effects are mediated by the aryl hydrocarbon receptor (AhR), a ligand-activated 

receptor that regulates the expression of genes encoding xenobiotic-metabolizing enzymes. 

Several reports suggest that AhR function is beyond the adaptive chemical response. In the present 

study, we analyzed and compared gene expression profiles of C57BL/6N wild-type (WT) and Ahr-
null mice. DNA microarray and quantitative RT-PCR analyses revealed changes in the expression 

of genes involved in the ubiquitin-proteasome system (UPS). UPS has an important role in cellular 

homeostasis control and dysfunction of this pathway has been implicated in the development of 

several human pathologies. Protein ubiquitination is a multi-step enzymatic process that regulates 

the stability, function, and/or localization of the modified proteins. This system is highly regulated 

post-translationally by covalent modifications. However, little information regarding the 

transcriptional regulation of the genes encoding ubiquitin (Ub) proteins is available. Therefore, we 

investigated the role of the AhR in modulation of the UPS and regulation of Ube2l3 transcription, 

an E2 ubiquitin-conjugating enzyme, as well as the effects on p53 degradation. Our results 

indicate that AhR inactivation decreases on liver proteasome activity, probably due to a down-

regulation on the expression of several proteasome subunits. On the other hand, AhR activation 

increases Ube2l3 mRNA and protein levels by controlling Ube2l3 gene expression, resulting in 

increased p53 ubiquitination and degradation. In agreement with this, induction of apoptosis was 

attenuated by the AhR activation.

*Corresponding author. Tel.: +52 55 5747 3800x5555; fax: +52 55 5747 3393. gazuela@cinvestav.mx (G. Elizondo). 

HHS Public Access
Author manuscript
Biochem Pharmacol. Author manuscript; available in PMC 2019 July 12.

Published in final edited form as:
Biochem Pharmacol. 2010 September 15; 80(6): 932–940. doi:10.1016/j.bcp.2010.05.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

AhR; Ubiquitin-proteasome system; Ube2l3; p53; TCDD

1. Introduction

Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a halogenated aromatic 

hydrocarbon, environmental contaminant, and the most toxic dioxin, results in several 

deleterious effects, including wasting syndrome, immunotoxicity, hepatotoxicity, fetal 

malformation, and cancer [1]. These effects are mediated by the aryl hydrocarbon receptor 

(AhR), a ligand-activated receptor that is a member of the basic helix-loop-helix/Per-Arnt-

Sim (bHLH-PAS) transcription factor family. Upon binding TCDD, the AhR translocates to 

the nucleus, dimerizes with the AhR nuclear translocator protein (ARNT), binds xenobiotic 

responsive elements (XREs), and up-regulates the expression of a battery of genes encoding 

xenobiotic-metabolizing enzymes, such as the cytochrome P450s (CYP1A1, CYP1A2, 

CYP1B1), NAD(P)H quinone oxydoreductase, and UDP-glucuronosyl-transferase 6 [2]. 

Although AhR may function as part of an adaptive chemical response, several studies 

suggest that this transcription factor could have important functions in liver and cardiac 

development [3,4], cell proliferation [5], homeostasis of the immune system [6], circadian 

rhythmicity, and cholesterol and glucose metabolism [7,8].

In order to understand the physiologic role of AhR and identify genes under its control, we 

compared the basal liver gene expression between Ahr-null and wild-type (WT) mice by 

DNA microarray analysis. Results suggested that AhR may control the expression of 

hundred of genes that participate in various cell processes, such as metabolism, glycolysis, 

and gluconeogenesis. Of interest, microarray analysis also indicates that expression of 

several genes encoding for ubiquitin-proteasome system (UPS) proteins was altered. The 

UPS is a specific, non-lysosomal pathway responsible for the degradation of short-lived and 

abnormal/mutated intracellular proteins involved in several cell processes, such as cell cycle 

progression, development, cell death, and elimination of abnormal proteins by mutation and 

oxidation [9–11]. The dysfunction of this system is associated with the development of 

human pathologies such as tumorigenesis, neurodegenerative diseases, and immune system 

disorders.

Ubiquitination is a multiple enzyme process that begins when ubiquitin-activating enzyme, 

or E1, recruits ubiquitin (Ub) in an ATP-dependent manner. E1 then transfers Ub to the 

ubiquitin-conjugating enzyme, or E2. The ubiquitin-E2 complex binds to the ubiquitin-

protein ligase, or E3, which recognizes the target protein and facilitates the transfer of Ub 

from E2 to the substrate. Finally, the ubiquitylated target protein is usually recognized and 

degraded by the 26S proteasome. This system is highly regulated post-translationally by 

covalent modification such as phosphorylation or ubiquitination [12]. However, little 

information regarding the transcriptional regulation of the genes encoding Ub proteins is 

available. Among the genes encoding for UPS proteins, the present microarray analysis 

suggests that gene expression of Ube2l3, an E2 Ub protein, may be under AhR control. 

Ube2l3, also known as UbcH7, L-UBC, UbcM4, or E2-F1, is an 18-kDa protein involved in 
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the regulation of several cell processes, such as cell proliferation [13], and regulation of p53 

[14], c-fos [15], and nuclear receptors such as glucocorticoid [16] and progesterone 

receptors [17]. The goal of the present study was to determine whether Ahr is involved in the 

modulation of the UPS, as well as to evaluate the role of the AhR in Ube2l3 transcriptional 

regulation and the p53 degradation.

2. Materials and methods

2.1. Materials

TCDD was purchased from AccuStandard (New Haven, CT). Triton X-100, benzo[a]pyrene 

(B[a]P), and griseofulvin were purchased from Sigma (St. Louis, MO). N-ethylmaleimide 

was acquired from Pierce (Rockford, IL).

2.2. Animals

The development of Ahr-null mice has been described previously [3]. Genotypes were 

determined by PCR as reported elsewhere [6]. WT littermates were used as control mice. 

Animals were randomly distributed (n = 5) and housed in a pathogen-free facility and fed 

with autoclaved Purina rodent chow (St. Louis, MO) with water available ad libitum. All 

animal studies were performed according to the Guide for the Care and Use of Laboratory 

Animals, as adopted and enforced by the U.S. National Institutes of Health, and the Mexican 

Regulation of Animal Care and Maintenance (NOM-062-ZOO-1999, 2001).

2.3. Treatments

TCDD was diluted in corn oil at a concentration such that the intended dose would be 

delivered in 100 μl. Each male mouse, aged 6–8 weeks, was given single or repeated 

intraperitoneal (i.p.) doses of 80 μg TCDD/kg body weight, or an equivalent volume of corn 

oil (control). B[a]P, diluted in corn oil, was given i.p. at 230 mg/kg body weight. Animals 

were treated by gavage with a single dose (5 mg/kg body weight) griseofulvin, diluted in 

corn oil, for 9 days. After treatments, mice were euthanized by cervical dislocation, and 

livers were removed, frozen in liquid nitrogen, and stored at -70 °C.

2.4. Microarray assay

In each group, equivalent amounts of RNA from individual animals were pooled and used 

for cDNA synthesis, incorporating dUTP-Cy3 or dUTP-Cy5 using the CyScribe Firs-Strand 

cDNA labeling kit (Amersham, Sunnyvale, CA). Following labeling and purification, Cy3- 

and Cy5-labeled cDNA were hybridized to 22 000 gene-specific oligonucleotide probes 

representing 70% of the mouse genome. For array printing, a Mouse 65-mer oligo library 

from the Sigma-Genosys oligo sets was used. The data acquisition and quantification of 

array images was performed in a ScanArray 4000 microarray analysis system using the 

accompanying software (Packard BioScience, CT). All images were captured using 65% 

PMT gain, 70–75% laser power and 10 μm resolution at 50% scan rate. For each spot, the 

Cy3 and Cy5 density mean value and the Cy3 and Cy5 background mean value were 

calculated with ArrayPro Analyzer software (Media Cybernetics).
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Microarray data analysis was performed using the free software genArise, developed in the 

Computing Unit of the Cellular Physiology Institute of Autonomous National University of 

Mexico (http://www.ifc.unam.mx/genarise/, 2009). GenArise performs a number of 

transformations: background correction, lowest normalization, intensity filter, replicates 

analysis and selecting differentially expressed genes. The software identifies differential 

expressed genes by calculating an intensity-dependent z-score. Using a sliding window 

algorithm to calculate the mean and the standard deviation within a window surrounding 

each data point, the software determines the z-score, where z measures the number of 

standard deviations a data point is from the mean: zi = [Ri - mean(R)]/sd(R); where zi is the 

z-score for each element, Ri is the log-ratio for each element, and sd(R) is the standard 

deviation of the log-ratio. With this criterion, the elements with a z-score greater than 2 

standard deviations were identified as differentially expressed genes.

2.5. Proteasome assays

Proteasome activity was determined using Suc-LY-AMC (Boston Biochem, Cambridge, 

MA) as a proteasome-specific substrate. Liver homogenates were prepared in buffer A (50 

mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% Non-idet P40). Chymotrypsin-

like activity of the 20S proteasome was assayed by adding 50 μg protein to 1 ml buffer A 

containing 10 μM fluorescent substrate. After incubation at 37 °C for 30 min, the reaction 

was stopped at 4 °C. Fluorescence was measured using a VersaFluor Fluorometer (Bio-Rad, 

Hercules, CA) with excitation and emission wavelengths of 360 and 480 nm, respectively. 

Background fluorescence was determined from negative control reactions.

2.6. Western blot analysis

Liver fragments were homogenized in buffer containing 10 mM Tris-HCl pH 7.4, 1% 

Nonidet P40, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 10 μg/ml soybean trypsin inhibitor, 

and 1 mM PMSF. When detecting Ub, 10 mM N-ethylmaleimide was added to prevent 

deubiquitination [18]. Protein concentrations were determined using the Bradford reaction 

(Bio-Rad). Aliquots (20 μg) were solubilized in sample buffer [60 mM Tris-HCl, pH 6.8; 2% 

sodium dodecylsulfate (SDS); 20% glycerol; 2% mercap-toethanol; 0.001% bromophenol 

blue] and subjected to 12% SDS-polyacrylamide gel electrophoresis. Protein extracts were 

transferred to a nitrocellulose membrane using a mini trans-blot (Bio-Rad). The transfer was 

performed at a constant voltage of 80 V for 2 h in a transfer buffer (48 mM Tris-HCl, 39 

mM glycine, pH 8.3; 20% methanol). Following the transfer, membranes were blocked 

overnight at 4 °C in the presence of 2% nonfat dry milk and 0.5% bovine serum albumin 

(BSA) in blocking buffer (25 mM Tris-HCl, pH 7.5; 150 mM NaCl) and subsequently 

incubated at 4 °C for 3 h with goat polyclonal anti-Ube2l3 (1:5000; Abcam, Cambridge, 

MA), mouse anti-Ub (1:100; Zymed, San Francisco, CA), or actin (1:1000; Zymed) diluted 

in buffer (25 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.1% Tween 20; 0.05% nonfat dry milk; 

0.05% BSA). After washing, the membranes were incubated with corresponding horseradish 

peroxidase (HRP)-conjugated secondary antibodies: HRP-goat anti-mouse IgG (Zymed), or 

HRP-rabbit anti-goat IgG (Pierce), for 2 h at 4 °C. The membrane was washed, and the 

immunoreactive protein was detected using an ECL Western blotting detection kit 

(Amersham, Arlington Heights, IL). The integrated optical density of the bands was 

quantified using scanning densitometry (GS-800 Calibrated Densitometer, Bio-Rad).
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2.7. Real-time quantitative PCR (RT-PCR) analysis

Briefly, total RNA was prepared from mouse liver using the TRIzol reagent according to the 

manufacturer’s instructions (Invitrogen, Camarillo, CA). RNA was quantified 

spectrophotometrically at OD260. Subsequently, RNA integrity was evaluated by 

electrophoresis of RNA samples on 1% agarose gels. cDNA for the quantitative PCR assay 

was prepared from 2 μg total RNA using the SuperScript First-Strand Synthesis (Invitrogen), 

and oligo dT. PCR reactions were conducted using an ABI PRISM 7000 Sequence Detector 

System (Applied Biosystems, Branchburg, NJ) and analyzed using the comparative 

threshold cycle (Ct) method, as described previously [19]. The genes encoding Ube2l3 or 

18S ribosomal RNA (rRNA, endogenous) were amplified in a single PCR reaction to allow 

for normalization of the mRNA data. The PCR reaction mixture contained 2 μl of cDNA, 

1xTaqMan Universal PCR Master Mix (Applied Biosystems) and 0.9 and 0.25 μM primers 

and probes, respectively. The primers and probes sequences used for Ube2l3 were: 5′-

TGCCAGTCATTAGTGCTGAAAACT-3′ (forward), 5′-

GGGTCATTCACCAGTGCTATGAG-3′ (reverse), and probe (FAM): 

AAGACTGACCAAGTAATCC.

2.8. In silico analysis

The mouse Ube2l3 gene promoter was analyzed using the follow web-based bioinformatic 

tools: Genomatix (http://www.genomatix.de/cgi-bin/matinspector_prof/mat_fam.pl?

s=eabd9a3f188f5b276aaa00a3445cdcbe, 2009) and CBRC (http://www.cbrc.jp/research/db/

TFSEARCH.html, 2009).

2.9. Chromatin immunoprecipitation

The ChiP assay was performed according to the kit protocol (Santa Cruz Biotechnology, 

Visalia, CA) using an AhR antibody (Thermo Scientific, Suwanee, GA). The PCR product 

corresponding to the Ube2l3 proximal promoter was generated from an aliquot of the 

immunoprecipitated material. Briefly, hepatocytes from WT mice were washed with PBS 

buffer, and cross-linking induced with formaldehyde (1%). After chromatin isolation, the 

DNA was fragmented, and immunoprecipitation was performed. The cross-linking was 

reversed, the DNA was purified, and PCR amplification was performed as follows: initial 

denaturation (94 °C, 2 min), 35 cycles of denaturation (94 °C, 30 s), annealing (67 °C, 30 s), 

and extension (72 °C, 3 min). A final extension cycle (72 °C, 10 min) was added. Forward 

and reverse primers were as follows: 5′-

CCCCCCCTGGGGTACCAAAGAAGTAGTAGGCCTGAAGAGATTG-3′ (forward) and 

5′-CTGAAGCTTTCCCAAAATGCATCGCGGTAGGCCAGGC-3′ (reverse).

2.10. Immunoprecipitation

Liver protein extracts (20 μg) were adjusted to 300 μl with lysis buffer (plus 10 mM N-

ethylmaleimide to prevent deubiquitination), and, after addition of the primary antibody, 

mouse anti-p53 (Zymed), samples were incubated overnight at 4 °C. The next day, 10 μl 

protein A sepharose was added and incubated, with shaking, for 1 h at 4 °C. After 

centrifugation (13 000 rpm), the pellet was washed once with TNET buffer (150 mM NaCl, 

50 mM Tris, pH 7.5; 5 mM EDTA; 1%Triton X-100), twice with TNE buffer (150 mM 
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NaCl, 50 mM Tris, pH 7.5; 5 mM EDTA), and once with H2O. Finally, pellet was 

resuspended in 10 μl 2X SDS sample loading buffer. Ub coupled to p53 were detected using 

same protocol, with an anti-Ub antibody as the primary.

2.11. Detecting apoptosis

WT and Ahr-null mice were treated with B[a]P, or pre-treated with TCDD and then exposed 

to B[a]P. Animals were anesthetized, bled and euthanized by cervical dislocation. The livers 

were paraffin-embedded and stained with hematoxylin and eosin (H&E) and examined by 

phase contrast microscopy. Apoptotic cells were detected using the DeadEnd Td T-mediated 

X-dUTP nick end labeling (TUNEL) System Kit according to the included protocol 

(Promega, Madison, WI).

2.12. Statistical analysis

Results are presented as the mean values ± the standard deviation (S.D.) or the standard error 

(S.E.). The statistical significance of the data was evaluated using Mann-Whitney’s U-

Wilcoxon rank or the Student’s t-test, as appropriate. In all cases, the differences between 

animal groups were considered to be statistically significant when the P value was less than 

0.05.

3. Results

To investigate the role of the AhR on basal gene expression, we compared liver gene 

expression patterns of WT and Ahr-null mice by DNA microarray analysis. Transcripts with 

expression changes of 1.5 times or more, relative to WT, were selected. AhR disruption 

affected 2190 transcripts; of these, 1280 were down-regulated and 910 were up-regulated. 

Table 1 shows a list of genes, involved in several cell processes, whose expression was 

down-regulated in Ahr-null liver mouse. Some of these genes have been reported previously, 

such as those involved in xenobiotic responses. However, the present microarray analysis 

indicated that others genes unrelated to direct xenobiotic response may be under AhR 

regulation. Among these are genes encoding proteins belonging to the UPS. In order to 

confirm an alteration in the UPS, we first determined proteasome activity. Liver tissue from 

Ahr-null mice had decreased proteasome activity compared with WT mice (Fig. 1). We then 

examined whether TCDD modifies the chymotrypsin-like activity of the 20S proteasome. 

TCDD treatment decreased the proteasome activity in both WT and Ahr-null mice. The 

magnitude of the TCDD effect was similar to that induced by griseofulvin, a proteasome 

inhibitor. Western blot analysis was performed to determine whether decreased proteasome 

activity modifies the level of ubiquitin-conjugated proteins. Ahr-null mice had higher levels 

of ubiquitin-conjugated proteins compared to WT mice (Fig. 2A). These results are in 

agreement with the low proteasome activity observed in the AhR-null mice. As expected, 

TCDD treatment induced an increase in ubiquitin-conjugated proteins, which was more 

marked in wild-type than Ahr-null mouse when compared to their respective controls (Fig. 

2B and C).

Among the genes with altered expression, Ube2l3 had the highest z-score (Table 1). In 

agreement with the microarray analysis, quantitative RT-PCR revealed that Ube2l3 mRNA 
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levels decreased 4-fold in Ahr-null mice compared to WT mice. Moreover, TCDD treatment 

resulted in a 4-fold induction of Ube2l3 mRNA levels compared to the control group (Fig. 

3A). We then investigated whether the increase in Ube2l3 mRNA levels induced by TCDD 

reflects changes in Ube2l3 protein levels. Indeed, Western blot analysis indicated that TCDD 

treatment induced a 2-fold increase in Ube2l3 protein levels after 48 and 72 h (Fig. 3B). 

These data suggest that both basal gene expression and induction Ube2l3 are under AhR 

control.

In order to identify putative xenobiotic response elements (XREs) in the mouse Ube2l3 gene 

promoter, we performed in silico analysis. Common regulatory sequences, such as the TATA 

box, HNF-3b, GATA, p300, and AP1, were located between position -674 and the putative 

transcription start site. More importantly, two putative XREs were identified at positions 

-581 and -3520 (Fig. 4A). To determine whether AhR binds to the Ube2l3 gene promoter, a 

ChIP assay was performed. WT mice were treated with TCDD or vehicle, and cell extracts 

from the liver were obtained. Chromatin was immunoprecipitated with the AhR antibody, 

and DNA from the precipitates was used for PCR analysis, using a primer pair that includes 

the putative XRE located at -581. AhR was associated with this regulatory region. Moreover, 

AhR activation by TCDD increased this interaction (Fig. 4B). The above results suggest that 

Ube2l3 gene induction is mediated by AhR through its interaction with the −2252/+18 

region, probably to the XRE located at -581.

We then explored whether AhR activation increase ubiquitination and degradation of p53, an 

Ube2l3 substrate. After TCDD treatment, WT mice had decreased p53 protein levels, an 

effect that was not observed in Ahr-null mice (Fig. 5A). Immunoprecipitation studies were 

performed to determine whether this p53 decrease is associated with an increase in p53 

ubiquitination. AhR activation by TCDD increased levels of ubiquitylated p53 (Fig. 5B). To 

examine the implications of p53 ubiquitination, apoptosis in hepatocytes from WT and Ahr-
null mouse was evaluated by the TUNEL assay and morphology of H&E stained cells. Ahr-
null control hepatocytes had a 2-fold increase in the number of apoptotic cells compared to 

WT control cells (Fig. 7). As shown in Figs. 6 and 7, WT mice had a 10-fold increase in 

apoptotic cells after B[a]P treatment. This effect was attenuated by TCDD pre-treatment. As 

expected, Ahr-null mouse were resistant to the toxic effects of B[a]P treatment.

4. Discussion

The UPS targets proteins for degradation and has a critical role in multiple cellular 

processes, including differentiation, cell cycle regulation, transport, embryogenesis, immune 

responses, apoptosis, and control of signal transduction [20–23]. Therefore, it is not 

surprising that alterations in this system result in the development of several pathologies, 

such as malignancies, neurologic diseases, and immune system disorders [24,25]. The Ub 

proteins are tightly regulated, mainly at the post-translational level, by phosphorylation or 

ubiquitination. However, little information regarding the transcriptional regulation of the 

genes encoding Ub proteins is available.

The evidence of the AhR participation in the UPS was suggested by studies showing that 

ERα proteasome-dependent degradation was promoted by the AhR [26]. More recently, it 

Reyes-Hernández et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2019 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has been show that the AhR acts as a ligand-dependent E3 ubiquitin ligase promoting the 

proteolysis of estrogen and androgen receptors [27,28], as well as β-catenin [29]. In the 

present study, the data suggest that the AhR, a ligand-dependent transcription factor, has a 

role in the regulation of the UPS by controlling the expression levels of certain proteins. A 

decrease in proteasome activity in the liver of Ahr-null mice compared to WT mouse was 

observed, together with an increase in total ubiquitylated-protein levels. These results may 

be explained by decreased expression of the Psmd12, Psmb2 and Psmb3 proteasome 

subunits (Table 1). Psmd12, also named Rpn5, is a subunit of the 19S proteasome, and 

constitutes part of the lid structure while Psmb2 and Psmb3, also known as the β4 and β2 

subunits, respectively, are part of the 20S core particle, which is responsible for proteolysis. 

Therefore, decrease expression of these proteasome subunits may result in an impaired on 

ubiquitinated protein recognition, as well as compromised proteolytic function of the 

proteasome. Although in the present study the Psmd12, Psmb2 and Psmb3 expression data 

from the microarray analysis were not validated, other proteomic and genomic approaches 

suggest that the expression of several proteasome subunits is under AhR control. In a recent 

study, Tijet et al. [30] mapped the AhR-dependent genes. Among them, proteasome activator 

subunit 4 and proteasome subunit β5 showed an AhR-dependent expression. Moreover, 

salmon hepatocytes treated with TCB (3,3′,4,4′-tetrachlorobiphenyl), an AhR agonist, had 

increased proteasome β subunit mRNA levels. This effect is blocked by the AhR antagonist 

α-naphtho-flavone [31]. On the other hand, proteome analysis inJurkat cells showed that 

proteasome β7 subunit protein level increased significantly after benzo[a]pyrene treatment 

[32]. Furthermore, rats treated with TCDD also have increased proteasome subunit β3 

protein levels [33].

When animals were treated with TCDD, inhibition of proteasome activity, in both WT and 

Ahr-null mice was observed, which was similar to that induced by griseofulvin. These last 

results suggest that the proteasome inhibitory effects of TCDD are AhR-independent, and 

may be the result of general toxicity rather than a specific action. As expected, inhibition of 

proteasome activity by TCDD also results in an accumulation of ubiquitylated proteins, 

although this effect was more marked in Ahr-null mice.

Because Ube2l3, an E2 enzyme, is involved in the ubiquitin-dependent proteolysis of 

important molecules such as p53, we decided to determine whether this protein expression is 

under AhR control. Quantitative RT-PCR revealed that Ube2l3 mRNA level is 4-fold 

decreased in the liver of Ahr-null mice compared to WT mice. Conversely, when AhR was 

activated by TCDD treatment a 4-fold induction was observed in WT but not in Ahr-null 

mouse. These results suggested that both basal gene expression and induction of Ube2l3 are 

AhR-dependent, which was confirmed by in silico and ChiP analysis. The Ube2l3 gene 

promoter has two putative XREs; AhR interact with a promoter region that includes the -581 

XRE, and this interaction is stimulated by TCDD. AhR-TCDD dependent up-regulation of 

Ube2l3 mRNA increases Ube213 protein expression in a time-dependent manner. To our 

knowledge, this is the first report establishing a mechanism of Ube2l3 gene expression 

control, which suggests the potential use of AhR as a therapeutic target in order to modulate 

the degradation of Ube2l3 substrates such as p53.
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The p53 gene is mutated in approximately 50% of human cancers [34] even though it is 

tightly regulated at several levels. Among these, post-translational modification, including 

ubiquitination, has an important role in p53 regulation and therefore in tumorigenesis. The 

evidence that p53 is modified by the UPS arose from studies that determined that p53 

degradation was increased in cells expressing the E6/HPV oncogenic protein. This led to the 

discovery that E6 activated and redirected E6AP [35], an E3 Ub ligase, to promoting p53 

degradation. E6AP also interacts with Ube2l3, and this complex participates in p53 

ubiquitination [36]. Accordingly, the present results show that TCDD treatment, most likely 

by inducing Ube2l3 expression, increases Ub-p53 while decreasing overall p53 protein 

levels. Moreover, TCDD pre-treatment attenuated B[a]P-induced apoptosis in WT mice. 

These data support the idea that AhR activation might promote p53 degradation and, 

therefore, inhibit apoptosis. In agreement with these results, Paajarvi et al. [37] reported that 

TCDD decreases the p53 response to DNA damage, and suggested that this effect is AhR-

dependent through an increase in Mdm2, an E3 Ub ligase and the primary regulator of p53. 

However, TCDD only increased Mdm2 protein levels, but not Mdm2 mRNA. In addition, 

the UV-induced p53 response was attenuated by TCDD [38]. These studies, together with 

the present data, support the hypothesis that the AhR regulates the UPS by controlling the 

expression of Ub proteins as well as certain proteasome catalytic subunits. In particular, the 

present study indicates that AhR might regulate p53 degradation by controlling Ube2l3 gene 

expression (Fig. 8). Therefore, high Ube2l3 and Mdm2 levels would decrease the p53 

response to DNA damage and might contribute to individual susceptibility to cancer.

On the other hand, untreated Ahr-null livers exhibit higher levels of apoptotic cells 

compared to WT samples. However, p53 basal levels are similar between both, wilt-type and 

Ahr-null mice. This same phenotype was observed in cultures of mouse embryonic 

fibroblast (MEFs) and hepatocytes from Ahr-null mice where high levels of apoptosis in 

association with a cell cycle arrest were observed. Hepatocytes and MEFs from AhR-null 

mouse also presented high levels of TGFb [5,39]. Therefore, the increased apoptosis level 

may be explained by the increased levels of this cytokine.

Collectively, the present data suggest that the AhR may be part of a new signaling 

mechanism through which UPS-dependent degradation is modulated. As such, further 

research is needed in order to better understand the molecular mechanisms by which the 

AhR controls ubiquitin-proteasome system gene expression. These results also identify the 

AhR as an interesting pharmacological target to treat certain cancers and neurological 

diseases that result from dysregulation of p53 levels. The development of AhR agonists and 

antagonists with non-toxic effects would be a crucial first step.
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Fig. 1. 
Ahr-null mice have decreased proteasome activity. Mice were treated with 80 μg TCDD/kg, 

5 mg/kg griseofulvin, or vehicle. Liver samples were removed, and chymotrypsin-like 

activity of the 20S proteasome was determined as described in Section 2. Data represent 

mean values ± S.D. *P < 0.05 vs. control (vehicle), §P < 0.05 vs. Ahr-null control.
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Fig. 2. 
Accumulation of Ub-conjugated proteins in Ahr-null mice. Basal levels of Ub-conjugated 

proteins were determined in liver samples from wild-type (WT) or Ahr-null mice (A). WT 

(B) and AhR-null (C) mice were treated with TCDD (80 μg/kg) or griseofulvin (5 mg/kg) as 

a positive control.
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Fig. 3. 
TCDD affects Ube2l3 expression in mouse liver. Mice were treated with TCDD (80 μg/kg) 

or vehicle. After 24,48 or 72 h liver samples were removed and relative expression of mRNA 

at 24 h (A), and protein levels (B) were determined as described in Section 2. Protein and 

mRNA levels were normalized with actin and 18S ribosomal RNA, respectively. Data 

represent mean values ± S.D. *P < 0.05 vs. control (vehicle), §P < 0.05 vs. wild-type (WT).
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Fig. 4. 
Ube2l3 gene promoter analysis and binding of AhR to the Ube2l3 promoter region. (A) 

Mouse Ube2l3 5′ region was analyzed in silico in order to identify binding sites for known 

transcription factors (boxes): HNF-3b (Hepatic Nuclear Factor 3b), AP1 (Activator Protein 

1), XRE (Xenobiotic Response Element), GATA-2 (Haematopoietic GATA factor response 

element), C/EBPβ (CAAT enhancer binding protein beta), p300, Sp1, and TATA box. The 

putative transcription start site is indicated by an arrow, and the translation start site codon 

(ATG) is indicated by a grey box. (B) ChIP analysis of AhR binding to the Ube2l3 promoter 

region. ChIP experiments were performed with an antibody against AhR. PCR products 

corresponding to the +18/-2252 Ube2l3 promoter region were generated from genomic DNA 

(line 2, positive control), and from immunoprecipitated material obtained from TCDD (line 

3) or vehicle (line 4) treated animals.
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Fig. 5. 
TCDD affects p53 and Ub-p53 protein levels. Wild-type (WT) or Ahr-null mice were treated 

with TCDD (80 μg/kg) or vehicle. Liver samples were removed 72 h later and p53 protein 

(A) or Ub-p53 proteins levels (B) were determined as described in Section 2.
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Fig. 6. 
Apoptosis in hepatocytes from WT mice exposed to B[a]P. Apoptotic cells were detected by 

the TUNEL assay as described in Section 2. Mice were pre-treated with 80 μg/kg TCDD 3 

days before sacrifice and/or 230 mg/kg B[a]P for 24 h. WT control sample (A), WT B[a]P 

treated sample (B), and WT TCDD + B[a]P treated sample (C).
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Fig. 7. 
Pre-treatment with TCDD decreases apoptosis in response to B[a]P. Apoptotic cells were 

counted in 10 different fields from wild-type (WT) and Ahr-null mice liver samples. Data 

represent mean values ± S.E. from three different animals.
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Fig. 8. 
Model of p53 regulation by AhR activation. Upon binding TCDD, the AhR translocates to 

the nucleus, dimerizes with the AhR nuclear translocator protein (ARNT), binds xenobiotic 

responsive elements (XREs) localized at the Ube2l3 gene promoter increasing Ube2l3 

levels. The Ube2l3-E6AP complex formation leads to an increase of p53 ubiquitination and 

degradation by the proteasome 26S resulting in apoptosis inhibition.
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