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Abstract

UBXN7 is a cofactor protein that provides a scaffold for both CRL3KEAP1 and CRL2VHL 

ubiquitin ligase complexes involved in the regulation of the NRF2 and HIF-1α protein levels 

respectively. NRF2 and HIF-1α are surveillance transcription factors that orchestrate the cellular 

response to oxidative stress (NRF2) or to hypoxia (HIF-1α). Since mitochondria are the main 

oxygen sensors as well as the principal producers of ROS, it can be presumed that they may be 

able to modulate the activity of CRL3KEAP1 and CRL2VHL complexes in response to stress. We 

have uncovered a new mechanism of such regulation that involves the UBXN7 cofactor protein 

and its regulation by mitochondrial MUL1 E3 ubiquitin ligase. High level of UBXN7 leads to 

HIF-1α accumulation, whereas low level of UBXN7 correlates with an increase in NRF2 protein. 

The reciprocal regulation of HIF-1α and NRF2 by UBXN7 is coordinated under conditions of 

oxidative stress or hypoxia. In addition, this molecular mechanism leads to different metabolic 

states; high level of UBXN7 and accumulation of HIF-1α support glycolysis, whereas inactivation 

of UBXN7 and activation of NRF2 confer increased OXPHOS. We describe a new mechanism by 

which MUL1 E3 ubiquitin ligase modulates the UBXN7 cofactor protein level and provides a 

reciprocal regulation of CRL3KEAP1 and CRL2VHL ubiquitin ligase complexes. Furthermore, we 
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delineate how this regulation is reflected in NRF2 and HIF-1α accumulation and determines the 

metabolic state as well as the adaptive response to mitochondrial stress.
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1. INTRODUCTION

Nuclear factor erythroid 2 like-2 (NRF2) and hypoxia-inducible factor (HIF-1α), are part of 

a surveillance network that responds to oxidative stress or low oxygen levels respectively [1, 

2]. Although both NRF2 and HIF-1α are distinct transcription factors, they can also work 

collaboratively and may perform overlapping tasks [3]. Once activated, they carry out their 

normal function by regulating the transcription of hundreds of target genes [4, 5]. In order to 

be available for rapid recruitment, they are continuously synthesized and removed through 

specific Lysine 48 (K48)-ubiquitination and proteasomal degradation [6, 7]. The 

ubiquitination of NFR2 is regulated by the CRL3KEAP1 whereas HIF-1α is controlled by the 

CRL2VHL complex [8, 9]. These multi-protein ubiquitin ligase complexes are similar both in 

composition and function. They are made up of a number of unique polypeptides as well as 

several common proteins that are present in both complexes (Figure 1A). The relationship 

between CRL3KEAP1 and CRL2VHL complexes suggests that NRF2 and HIF-1α might be 

regulated in a coordinated manner, with cross-talk, and potential competition for the 

common subunits. UBXN7 is a cofactor protein and the scaffold for the assembly of both 

CRL3KEAP1 and CRL2VHL complexes [10, 11]. UBXN7 belongs to a diverse family of UBX 

(ubiquitin-regulatory X) domain-containing proteins. They are characterized by a ubiquitin 

regulatory X (UBX) domain at their C-terminus that interacts with AAA+ATPase p97 

protein [12]. In addition, UBXN7 has a ubiquitin-associated (UBA) domain at its N-

terminus that interacts with ubiquitinated NRF2 or HIF-1α, and a ubiquitin interaction motif 

(UIM) that interacts with the neddylated form of CUL2 or CUL3 [10, 11, 13]. UBXN7 

protein level is regulated by the mitochondrial MUL1 E3 ubiquitin ligase during conditions 

of mitochondrial stress and inactivation of MUL1 leads to accumulation of both UBXN7 and 

HIF-1α proteins [14]. Whether MUL1, through its UBXN7 substrate, is involved in the 

coordinate regulation of NRF2 in response to mitochondrial stress is unknown. MUL1 ligase 

is anchored in the outer mitochondrial membrane with a long intermembrane domain (IMD) 

that acts as a sensor of mitochondrial stress [15]. MUL1 function has been implicated in 

multiple biological processes including mitochondrial dynamics, mitophagy, cell death, 

innate immune response, and regulation of metabolism [16–24]. The protein level of MUL1 

as well as its ligase activity are directly modulated by mitochondrial stress and this is 

reflected on the protein level by its UBXN7 substrate [14]. Our data show that accumulation 

of UBXN7 leads to increased HIF-1α without affecting the NRF2 protein level. In contrast, 

inactivation of UBXN7 reduces HIF-1α and increases NRF2 protein level. We also 

uncovered a reciprocal correlation between the NRF2 and HIF-1α protein levels and activity 

during conditions of oxidative stress or hypoxia. In addition, UBXN7 by regulating NRF2 

and HIF-1α levels, acts as a metabolic switch between increased OXPHOS (low UBXN7, 

high NRF2) and increased glycolysis (high UBXN7, high HIF-1α).
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In summary, we describe a new molecular pathway that mediates the concomitant regulation 

of both NRF2 and HIF-1α transcription factors in response to mitochondrial stress. This 

pathway involves the UBXN7 cofactor and its regulation by mitochondrial MUL1 ligase. 

Deregulation of this pathway leads to the dysfunction of the CRL3KEAP1 and CRL2VHL 

complexes, increased cellular stress and a switch in the metabolic state.

2. MATERIALS AND METHODS

2.1. Cell Culture and Chemicals

Cell lines: HEK293 UBXN7(−/−) cell line was generated in our lab as previously 

described [14]. Briefly, to ablate UBXN7 expression, the target sequence 

TCTGTGTTGTTGTTCGGCGGCGG in the exon 1 was selected using the CRISPOR 

program (http://crispor.tefor.net) and cloned into the BbsI restriction enzyme site of the 

pSpCas9(BB)-2A-GFP (PX458) vector (Addgene) as previously described [25]. The 

resulting vector and an empty PX458 vector were transfected into HEK293 cells and 48 

hours later, single GFP-positive cells were sorted into 96 well plates using a BD FACS 

ARIA II sorter. Clones were expanded and tested for lack of UBXN7 protein expression. 

Genomic DNA was isolated for PCR amplification of the region surrounding exon 1 and 

sequenced to confirm the presence of a deletion that disrupts UBXN7 protein expression. 

Several HEK293 UBXN7(−/−) clones were tested to verify reproducibility and lack of any 

off-target effects. HEK293 T-REx Flp-In and HEK293 MUL1(−/−) cells previously 

described in [26], were kindly provided by Dr. Janos Steffen and Dr. Carla Koehler 

(Department of Biological Chemistry, David Geffen School of Medicine, Los Angeles, CA). 

Cell cultures were grown in DMEM supplemented with 10% FBS 2 mM L-glutamine, 1 mM 

sodium pyruvate, 50 units/ml penicillin, and 50 μg/ml streptomycin.

Chemicals and reagents: MG132 and H2O2 were purchased from SIGMA, Dimethyl 

fumarate (DMF) and sodium arsenite from Fisher Scientific. MitoSOX™ Red Mitochondrial 

Superoxide Indicator from Thermo Fisher Scientific. AnnexinV from BD Biosciences.

Chemical Treatments: Cells were treated with increasing concentrations of H2O2 (100, 

200, 400, and 600 μM) for 8 hours, to induce varying degrees of oxidative stress. Sodium 

arsenite (NaAsO2) was used at 10, 20, and 80 μM concentrations for 4 hours. DMF was 

dissolved in DMSO and used at 40, 60 and 80 μM for 8 hours. MG132 was used at 5 μM for 

6 hours.

2.2. SDS-PAGE and Western blot analysis

Untreated cells as well as cells treated with H2O2, MG132, DMF, and arsenite were lysed 

using a Triton X-100 based lysis buffer (1% Triton X-100, 10% glycerol, 150 mM NaCl, 20 

mM Tris pH 7.5, 2 mM EDTA) in the presence of protease inhibitors tablets (Thermo Fisher 

Scientific). Approximately 40 μg of whole cell extract was resuspended in SDS sample 

buffer, boiled for 5 minutes and the proteins resolved by SDS-PAGE. They were then 

transferred onto PVDF membranes (Genesee) using a semi-dry cell transfer blot (Bio-Rad) 

and placed in 4% nonfat dry milk in TBST buffer (25 mM Tris-HCl pH 8.0, 125 mM NaCl, 

0.1% Tween 20) to block nonspecific binding of the membrane. The membranes were 
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incubated with the indicated primary antibodies: MUL1 and UBXN7 rabbit polyclonal 

antibodies are homegrown and used at 1:5,000 dilution, HIF-1α (Bioss Antibodies, 1:2,000), 

NRF2 (Novus Biologicals 1:1000), KEAP1 (Bioss 1:1,000), HO-1 (Bioss 1:2000), P62 

(ProteinTech 1:2,000), p97 (Santa Cruz Biotechnology, 1:5,000), tubulin (Santa Cruz 

Biotechnology, 1:2,000), histone H3 (Santa Cruz Biotechnology, 1:500), RBX1 (Aviva 

Systems Biology, 1:500), CUL3 (Cell Signaling Technology 1:500), GLUT1 (NovusBio, 

1:1000), β-actin (Santa Cruz Biotechnology, 1:3,000). Secondary peroxidase-conjugated 

goat anti-rabbit or goat anti-mouse antibodies (Jackson ImmunoResearch) were used at 

1:10,000 dilution; the membrane was visualized by enhanced chemiluminescence (ECL) 

(Thermo Fisher Scientific).

2.3. Quantitative real-time PCR

Total RNA was isolated from HEK293 WT, HEK293 UBXN7(−/−) and HEK293 MUL1(−/

−) cells using the RNAeasy Mini Kit (Qiagen). First-strand cDNA was generated using the 

QuantiTect Reverse Transcription Kit according to the manufacturer’s protocol (Qiagen). 

Briefly, 500 ng of RNA was reverse transcribed in a 20 μl volume and after heat-inactivation 

diluted with 80 μl of water. For the qRT-PCR, 2 μl of the diluted RT reaction was used in a 

final volume of 10 μl. qRT-PCR was carried out with the Rotor-Gene SYBR Green PCR Kit 

using the following QuantiTect primers: EIF3D and β-actin (Qiagen). The HIF-1α primers 

used were: 5’-GATACCAACAGTAACCAACCT-Forward, 5’-

CTCTTTTGGCAAGCATCCTG-Reverse and the NRF2 primers were: 5’-

CCAGCAGGACATGGATTTGA-Forward, 5’-TTGGGAATGTGGGCAACCTG-Reverse. 

The qPCR reactions were run in a Rotor-Gene Q instrument for 40 cycles (95°C for 7 

seconds, 60°C for 20 seconds and 72°C for 10 seconds) after an initial denaturation step of 5 

minutes. All reactions were performed in triplicates. Cycle threshold (Ct) values were 

obtained using a fixed threshold setting and values were normalized with the EIF3D Ct data. 

Data were analyzed with the 2−ΔΔCt Livak method to determine changes in gene 

expression, while β-actin served as a control.

2.4. Flow Cytometry (Annexin V and MitoSOX)

For apoptosis measurement a fraction of the cell samples (1×105) control as well as under 

various treatments was used; Cells were resuspended in 1x binding buffer (10 mM Hepes pH 

7.4, 140 mM NaCl, 2.5 mM CaCl2), and AnnexinV-PE was added for 20 minutes at room 

temperature in the dark. Cells were then analyzed by flow cytometry using a Cytoflex S 

(Beckman Coulter). Another fraction of equal number of cells (1×106) was used to detect 

superoxide and reactive oxygen species (ROS) production, using MitoSOX superoxide 

indicator following protocol as previously described [27, 28]. Briefly, cells were washed in 

cPBS (PBS with the addition of 0.5 mM of CaCl2, 0.5 mM MgCl2, and 0.1% Glucose). 

Cells were resuspended in 100μL of cPBS containing 1 μM of MitoSOX-Red and incubated 

at 37°C for 30 minutes followed by a final wash and flow cytometric analysis [29, 30].

2.5. Subcellular fractionation

HEK293 UBXN7(−/−) and HEK293 WT cells untreated and H2O2 treated, were grown in 

100 mm dishes. When the cells reached 95% confluence, they were detached using trypsin-

EDTA (Invitrogen), washed twice with ice-cold PBS and processed for fractionation using a 
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commercially available Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. The fractions were analyzed by SDS-PAGE 

and Western blot using NRF2, tubulin, and histone H3 specific antibodies.

2.6. Hypoxic induction on HEK293 wild-type and HEK293 UBXN7(−/−)

Cells were cultured in complete DMEM media overnight and replaced with L-15 Medium 

(Leibovitz) before placing them inside a hypoxia chamber (STEMCELL Technologies) 

using a gaseous mixture of 1% O2, 5% CO2 and 94% N2 for various time periods.

Control cells were cultured under normoxic conditions (5% CO2) at 37°C. Cells were 

harvested and washed with phosphate buffer saline, total cell lysates were processed for 

SDS-PAGE and Western blot analysis to monitor the expression of NRF2, HIF-1α, UBXN7, 

HO-1, and GLUT1 proteins.

2.7. Mitochondrial stress assay

Mitochondrial stress assay was performed using an XFe24 Extracellular Flux Analyzer 

(Agilent) following the workflow provided by the manufacturer’s instructions. Briefly, for 

Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) 

measurements, HEK293 UBXN7(−/−), HEK293 MUL1(−/−) and HEK293 WT cells were 

seeded in triplicates on poly-D-lysine coated XF24 microplates at a density of 70,000 cells 

per well in assay medium (XF DMEM medium pH 7.4 supplemented with 10 mM glucose, 

2 mM glutamine, 1 mM pyruvate), followed by incubation at 37°C in a non-CO2 incubator 

for 60 minutes. Three baseline measurements were recorded (3-2-3 mix/measurement cycle) 

before the injection of the following compounds: Oligomycin in port A (56 μl) at 1.5 μM, 

FCCP in port B (62 μl) at 1.5 μM, and Rotenone/Antimycin in port C (69 μl) at 0.5 μM. Data 

analysis was performed using Cell Mito Stress Test Report Generators software.

2.8. Real-Time ATP rate assay

For ATP production rate assay an Agilent Seahorse XF Real-Time ATP Rate Assay Kit was 

used and HEK293 WT, HEK293 UBXN7(−/−), as well as HEK293 MUL1(−/−) cells were 

plated as described above and ATP measurements were recorded followed by Oligomycin 

injection in port A (56 μl) at 1.5 μM final concentration, and Rotenone/Antimycin injection 

in port B (62 μl) at 0.5 μM final concentration. Data analysis was performed using Report 

Generators software for Real-Time ATP Rate Assay.

2.9. Glycolytic rate assay

For the Glycolytic rate assay Seahorse XF Glycolytic Rate Assay kit was used. Rotenone/

Antimycin at 0.5 μM each was used in port A and the glycolysis inhibitor, 2-deoxy-D-

glucose (2-DG), was subsequently injected in port B (62 μl) at a concentration of 50 μM. To 

asses glycolysis, three measurements were recorded after the addition of each compound. As 

a negative control, three wells with no cells were used both in the OCR and ECAR analysis. 

Data analysis was performed using Report Generators software for the Glycolytic Rate 

Assay.
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2.10. Statistical analysis

All quantitative data are expressed as mean ± S.D. or ± SEM of three or four independent 

experiments. Following Western blot analysis, the optical densities of blot bands were 

determined using ImageJ software. Protein/β-actin ratios were obtained from the 

densitometry data, and the differences among groups were analyzed by one tailed Student’s t 
test. A value of p < 0.05 was considered significant. All Seahorse data were analyzed using 

Report Generators software that automatically calculates and reports the assay parameters of 

the Agilent Seahorse XFe24 (Agilent) specific for each assay (Cell Mito Stress, ATP rate and 

Glycolysis assay).

3. RESULTS

3.1. UBXN7 protein levels regulate NRF2 and HIF-1α transcription factors.

We have previously shown that MUL1 inactivation results in high levels of UBXN7 protein 

with concomitant accumulation and activation of HIF-1α transcription factor [14]. UBXN7 

is part of the CRL2VHL complex that is responsible for HIF-1α ubiquitination and 

degradation [10]. In addition, UBXN7 is part of the CRL3KEAP1 complex which regulates 

NRF2 protein levels [11]. Figure 1A is a schematic diagram of the various proteins 

representing the CRL3KEAP1 and CRL2VHL ligase complexes. We used HEK293 MUL1(−/

−) cells, which express high levels of UBXN7, and we also generated HEK293 UBXN7(−/

−) cells using CRISPR-Cas9 as described in Methods. Figure 1B shows the protein level of 

NRF2 and HIF-1α in the presence or absence of MUL1 or UBXN7. HEK293 MUL1(−/−) 

cells have high levels of UBXN7 and HIF-1α but there is no detectable change in NRF2 

level compared to HEK293 WT cells that remains very low. In contrast, HEK293 

UBXN7(−/−) cells have a significant increase of NRF2 but lower levels of HIF-1α protein 

when compared to HEK293 WT cells (Figure 1C). These results suggest that UBXN7 

protein levels, as regulated by MUL1, provide a reciprocal regulation in NRF2 and HIF-1α 
protein accumulation. To verify that the observed regulation of NRF2 and HIF-1α is at the 

post-translational level (that involves the CRL3KEAP1 and CRL2VHL complexes), the mRNA 

levels of NRF2 and HIF-1α in the different cell lines was monitored using qRT-PCR. Figure 

1D shows no significant change is observed in the mRNA levels of NRF2 or HIF-1α in all 

three cell lines, suggesting that the main regulation is post-transcriptional and in accord with 

previous studies [11, 14].

3.2. The role of UBXN7 in the cellular response to oxidative stress.

HEK293 WT and HEK293 UBXN7(−/−) cells were treated with increasing concentrations 

of H2O2 to induce varying degrees of oxidative stress. The protein levels of NRF2, HIF-1α, 

UBXN7 and MUL1 were monitored by Western blot analysis. Furthermore, the oxidative 

stress sustained by the cells, under the various conditions, and the degree of apoptosis in the 

cell population was also investigated. HEK293 WT cells show a robust induction of NRF2 

under low concentration of H2O2 that reaches a plateau at 100 μM. Under the same 

conditions, UBXN7 shows a progressive decrease with rising H2O2 concentration. In the 

absence of UBXN7 expression (HEK293 UBXN7(−/−) cells), NRF2 is high in control 

untreated cells and there is no modulation by H2O2 treatment (Figures 2A and 2B). There is 

little regulation of HIF-1α protein by H2O2 treatment in HEK293 WT cells; HIF-1α levels 
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are lower in HEK293 UBXN7(−/−) cells and decrease further at higher H2O2 

concentrations. In the absence of UBXN7, higher levels of reactive oxygen species (ROS) 

are seen when compared to HEK293 WT cells both under normal conditions (control) as 

well as following H2O2 treatment (Figure 2C). Additionally, HEK293 UBXN7(−/−) cells are 

more sensitive to oxidative stress-induced apoptosis (Figure 2D). These data suggest that the 

mechanism of activation of NRF2 after H2O2 stress is related to a dose-dependent decrease 

in UBXN7 protein levels. In the absence of UBXN7 protein, cells have more NRF2, under 

normal conditions, but the regulation of NRF2 by oxidative stress is lost. This situation leads 

to the production of higher amounts of ROS in HEK293 UBXN7(−/−) cells and they also 

experience more apoptosis following H2O2 treatment.

3.3. Absence of UBXN7 activates NRF2 without affecting the components of the 
CRL3KEAP1 complex.

In order to investigate if the higher level of NRF2 that is present in the HEK293 UBXN7(−/

−) cells is functional, the subcellular localization of the protein was monitored. Nuclear and 

cytosolic fractions were prepared and the subcellular localization of NRF2 protein was 

monitored by Western blot analysis. In addition, oxidative stress was induced to some of the 

cells by treating them with H2O2. Figure 3A and 3B show that the absence of UBXN7, 

under normal conditions, causes substantial increase of NRF2 protein in both the 

cytoplasmic and nuclear fractions when compared to HEK293 WT cells. Oxidative stress 

induces NRF2 and increases its accumulation in the nuclear fraction in HEK293 WT cells, 

whereas the same conditions have no detectable effect on the HEK293 UBXN7(−/−) cells. 

While the absence of UBXN7 increases the basal level of NRF2 under normal conditions, 

the regulation of this protein by oxidative stress is lost. Activation of NRF2 in HEK293 

UBXN7(−/−) cells was verified by monitoring the expression of two known transcriptional 

targets, heme oxygenase-1 (HO-1), an antioxidant and cytoprotective enzyme, and ubiquitin-

binding protein p62, an autophagosome cargo protein [31, 32]. Figures 3C and 3D show a 

substantial increase in the expression of both, HO-1 and p62 proteins in HEK293 

UBXN7(−/−) compared to HEK293 WT cells. This induction correlates with the increased 

NRF2 protein level and it is not affected by MG132, suggesting that the proteasome is not 

involved in their regulation. Furthermore, the protein levels of various components of the 

CRL3KEAP1 complex was monitored in the presence or absence of MG132. Figure 3C 

shows that there is no significant difference in the protein levels of the various CRL3KEAP1 

complex components in the absence of UBXN7. Some of these proteins are also part of the 

CRL2VHL ubiquitin ligase complex as shown in Figure 1A.

3.4. UBXN7 regulation of NRF2 and HIF-1α proteins during hypoxia.

We investigated whether hypoxia, as the main activator of HIF-1α, also regulates NRF2 and 

the potential role of UBXN7 protein in this process. HEK293 WT and HEK293 UBXN7(−/

−) cells were placed in a hypoxia chamber and exposed to 1% O2 and 5% CO2 for various 

time periods up to 18 hours, as previously described [14]. Whole cell extracts were prepared 

and the expression of NRF2, HO-1, HIF-1α, GLUT1 and UBXN7 was monitored by 

Western blot analysis. Figure 4A shows that in HEK293 WT cells there is an increase in 

HIF-1α during the first 6 hours of hypoxia but is gradually reduced at 9, 12, and 18 hours. 

NRF2 protein levels remain very low during the first 6 hours of hypoxia but increase at 9, 
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12, and 18 hour time points (Figures 4A and 4B). UBXN7 mirrors the expression levels of 

HIF-1α protein throughout hypoxia and inversely correlates with the NRF2 protein levels 

(Figure 4A). HEK293 UBXN7(−/−) cells have a higher basal level of NRF2 compared to 

HEK293 WT that remains elevated throughout hypoxia (Figure 4A, and 4B). HIF-1α 
protein level in HEK293 UBXN7(−/−) is lower than in HEK293 WT cells and remains the 

same during hypoxia (Figure 4A, and 4C). To further verify that the regulation of NRF2 and 

HIF-1α proteins under these conditions is functional we monitored the expression of two 

specific target genes: the HO-1 target of NRF2 and the GLUT1 target of HIF-1α [31, 33]. 

HO-1 expression closely reflects the expression of NRF2 both in the HEK293 WT as well as 

in HEK293 UBXN7(−/−) cells during hypoxia (Figure 4A, and 4B). In HEK293 WT cells 

there is a delayed response in the activation of GLUT1 protein following HIF-1α induction 

by hypoxia and in HEK293 UBXN7(−/−) GLUT1 expression is barely detectable throughout 

hypoxia (Figure 4A, and 4C).

There is some small variability in the expression of both NRF2 and HIF-1α proteins in 

HEK293 UBXN7(−/−) during hypoxia but it is not statistically significant (Figure 4B, and 

4C). This is clearly reflected in the expression of their target proteins HO-1 and GLUT1 

(Figure 4B, and 4C). The results of these experiments suggest that the UBXN7 cofactor 

protein is very important in the physiological expression pattern of both NRF2 and HIF-1α 
during hypoxia as well as in the proposed reciprocal regulation of these two proteins.

3.5. UBXN7 affects the DMF-induced activation of NRF2.

We further investigated whether the function of CRL3KEAP1 and CRL2VHL complexes is 

solely affected by the UBXN7 protein level. HEK293 WT and HEK293 UBXN7(−/−) cells 

were treated with increasing concentrations dimethyl fumarate (DMF), the methyl ester of 

fumaric acid. DMF is a known activator of NRF2 that modifies KEAP1’s cysteine residues 

and inhibits its function [34, 35]. Figures 5A and 5B show a robust increase in the NRF2 

protein level with increasing concentration of DMF in HEK293 WT cells. The same 

treatment did not affect the expression of HIF-1α, UBXN7, MUL1, or KEAP1 proteins. 

Basal level of NRF2 in HEK293 UBXN7(−/−) cells is higher than in HEK293 WT cells. 

DMF treatment increases the NRF2 protein level in both HEK293 UBXN7(−/−) and 

HEK293 WT cells in a similar manner. The level of HIF-1α in absence of UBXN7 is lower 

compared to HEK293 WT cells and it is not regulated by DMF; while MUL1 and KEAP1 

protein levels remain unchanged in both HEK293 WT and HEK293 UBXN7(−/−). We also 

used HEK293 MUL1(−/−) cells that express high levels of UBXN7 and HIF-1α. Figures 5C 

and 5D show that the absence of MUL1 protein leads to a dramatic suppression of NRF2 

and its induction by DMF treatment. The HIF-1α protein level slightly deceases with DMF 

treatment, especially at the high concentration of 80 μM. UBXN7 and KEAP1 protein levels 

remain unchanged in both HEK293 WT and HEK293 MUL1(−/−). These results strongly 

suggest that high levels of UBXN7 protein suppress the activation of NRF2 by DMF. We 

also used a different NRF2 activator, the tert-butylhydroquinone (TBHQ) in similar 

experiments. These results also closely follow the ones obtained with DMF (results not 

shown).
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3.6. Role of UBXN7 in the activation of NRF2 by sodium arsenite.

Sodium arsenite (NaAsO2) is known to cause robust activation of NRF2 by inhibiting the 

CUL3-RBX1 interaction, as well as impairing the NRF2 degradation by autophagy [36, 37]. 

Additionally, sodium arsenite can activate HIF-1α via a transcriptional mechanism [38]. We 

investigated the potential involvement of UBXN7 protein in the process of NRF2 and 

HIF-1α activation by sodium arsenite. HEK293 WT, HEK293 UBXN7(−/−), and HEK293 

MUL1(−/−) cells were treated with different concentrations of sodium arsenite and the 

expression of NRF2, HIF-1α, UBXN7 and MUL1 proteins were monitored by Western blot 

analysis. Figures 6A and 6B show that in HEK293 WT and HEK293 UBXN7(−/−) cells, 

sodium arsenite treatment at 10 or 20 μM causes a significant induction of NRF2 protein that 

is not observed at a higher (80 μM) concentration. The same conditions failed to show any 

regulation of HIF-1α in HEK293 WT and HEK293 UBXN7(−/−) cells. There was also a 

gradual increase in the level of MUL1 protein with increasing concentrations of sodium 

arsenite and a corresponding decrease of UBXN7 in HEK293 WT cells. This is in 

accordance with our previous studies that established UBXN7 as a substrate of MUL1 E3 

ubiquitin ligase [14]. HEK293 MUL1(−/−) cells show little induction of NRF2 by sodium 

arsenite, while HIF-1α and UBXN7 protein levels, although higher compared to the 

HEK293 WT cells, decrease with increasing concentrations of the drug. Figure 6C is a 

graphical representation of the corresponding NRF2 and HIF-1α trends in protein levels in 

the three cell lines treated with various concentration of sodium arsenite. These results 

suggest the regulation of NRF2 by sodium arsenite requires the presence of a sufficient 

amount of UBXN7 protein. In addition, sodium arsenite treatment modulates the level of 

MUL1 and UBXN7 proteins. Furthermore, we monitored reactive oxygen species (ROS) 

production using MitoSOX in the three cell populations treated with sodium arsenite (Figure 

6D). There is no difference in MitoSOX positive cells between HEK293 WT and HEK293 

UBXN7(−/−) cells, which express robust levels of NRF2. HEK293 MUL1(−/−), which show 

minimal induction of NRF2, have significant highest ROS production.

3.7. UBXN7 protein levels drive mitochondrial respiration, ATP production, and determine 
the metabolic state.

The mitochondrial respiration assay was performed on the three HEK293 cell lines using the 

Seahorse XFe24 analyzer. Figure 7A is a trace of the oxygen consumption rate (OCR) of 

HEK293 WT, HEK293 UBXN7(−/−), and HEK293 MUL1(−/−) cells treated with the 

specific inhibitors (oligomycin, FCCP and Rot/AA). Quantification of the results shows a 

significant increase in the basal and maximal respiration, as well as ATP production in 

HEK293 UBXN7(−/−) compared to HEK293 WT cells, whereas the values for the HEK293 

MUL1(−/−) are significantly lower than that of the HEK293 WT cells (Figure 7B).

The ATP Rate assay was used to monitor mitochondrial respiration and glycolysis as 

previously described [14]. Mitochondrial ATP (Mito-ATP) production is higher in HEK293 

UBXN7(−/−) and HEK293 WT cells in comparison to HEK293 MUL1(−/−). ATP produced 

by glycolysis (Glyco-ATP) is lower in HEK293 UBXN7(−/−) and HEK293 WT in 

comparison to HEK293 MUL1(−/−), which is higher, indicating a shift from OXPHOS to 

glycolysis (Figure 7C). Figure 7D shows the Glycolytic Proton Efflux Rate (glycoPER) 

results converted from OCR and extracellular acidification rate (ECAR) data. There is no 
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change in basal glycolysis rate in HEK293 UBXN7(−/−) compared to HEK293 WT cells. In 

contrast, the basal and compensatory glycolysis are significantly higher in HEK293 

MUL1(−/−) compared to HEK293 WT cells in accordance with previous studies [14]. All 

these data suggest that inactivation of UBXN7 causes increased OXPHOS whereas 

accumulation of UBXN7 protein, as seen in the HEK293 MUL1(−/−), leads to glycolysis.

4. DISCUSSION

NRF2 and HIF-1α are distinct stress surveillance factors and master regulators of 

transcription. NRF2 is activated in response to oxidative stress whereas HIF-1α is activated 

through hypoxia. Both transcription factors, under normal conditions, are continuously 

synthesized and degraded to allow for their rapid recruitment in response to changing 

conditions [6, 7]. The primary mechanism of NRF2 and HIF-1α regulation depends on the 

activity of CRL3KEAP1 and CRL2VHL complexes, respectively. These complexes are 

strikingly similar and share a number of common subunits. In addition, both complexes are 

designed to specifically ubiquitinate their substrate (NRF2 or HIF-1α) which are then 

targeted for proteasomal degradation [8, 9, 39]. The relationship between CRL3KEAP1 and 

CRL2VHL complexes suggests that NRF2 and HIF-1α may be regulated in a coordinated 

manner under conditions of oxidative stress or hypoxia [40, 41]. The coordinated regulation 

of CRL3KEAP1 and CRL2VHL complexes may be initiated in the mitochondria since 

mitochondria are the main source of ROS as well as sensors of O2 [42]. Our studies have 

uncovered such a mechanism that involves UBXN7 and its regulation by mitochondrial 

MUL1 E3 ubiquitin ligase [14]. MUL1 is anchored on the outer mitochondrial membrane 

(OMM) and conveys mitochondrial stress through specific ubiquitination of cytoplasmic or 

mitochondrial associated substrates [16, 17, 43]. In addition, MUL1 protein levels are 

regulated through the action of mitochondrial serine protease Omi/HtrA2 [44]. Omi/HtrA2 

is a protease present in the mitochondrial intermembrane space (IMS) and is involved in 

protein quality control [45–47]. UBXN7 cofactor has a unique function and acts as a 

scaffold for both CRL3KEAP1 and CRL2VHL complexes [8, 9, 11, 48]. Our previous studies 

have shown that inactivation of MUL1 leads to accumulation of UBXN7 with a concomitant 

increase in HIF-1α protein levels and activity [14]. Under the same conditions, the basal 

protein level of NRF2 remains unchanged. Here, we show that inactivation of UBXN7 leads 

to downregulation of HIF-1α and a significant accumulation of NRF2 protein. We 

investigated this phenomenon under conditions of oxidative stress using HEK293 WT as 

well as HEK293 UBXN7(−/−) cells. In wild type HEK293 cells there is an inverse 

correlation between the protein levels of UBXN7 and NRF2 over a wide range of H2O2 

treatments. In the absence of UBXN7 protein, cells have higher levels of NRF2 under 

normal conditions but their regulation by H2O2 is lost. As expected, HIF-1α protein levels 

are low in the absence of UBXN7. The build-up of NRF2 protein in absence of UBXN7 is 

functional and leads to increased accumulation of NRF2 protein in the nucleus with 

concomitant activation of its targets HO-1 and p62. We investigated how this cross-talk 

between the two complexes is affected by UBXN7 during conditions of hypoxia. Previous 

studies have suggested that although HIF-1α is predominantly induced by hypoxia, NRF2 

can also be co-induced under the same conditions [49]. In addition, sustained hypoxia is 

known to lead to the production of ROS, since the shutdown of mitochondrial electron 
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transport chain causes incomplete reduction of oxygen and the formation of oxygen radicals 

[50]. HEK293 WT cells show the characteristic induction of HIF-1α protein levels 

following 3–9 hours of hypoxia which then decrease after 12 and 18 hours. In our 

experiments we detect upregulation of NRF2 at later times (after 12 and 18 hours) in cells 

undergoing hypoxia, suggesting that NRF2 activation is a late event in this process, and 

occurs when HIF-1α level has faded to a minimum. Under the same conditions, UBXN7 

protein levels are also regulated by hypoxia and mirror those of HIF-1α. In hypoxic 

HEK293 UBXN7(−/−) cells, NRF2 is expressed at higher levels than in control cells, but its 

regulation under these conditions is lost. Moreover, the high levels of NRF2 prevent the 

activation and the regulation of HIF-1α in HEK293 UBXN7(−/−). The modulation of NRF2 

and HIF-1α proteins during hypoxia is functional and it is reflected in the expression of 

HO-1 and GLUT1 target genes. To further explore how different levels of UBXN7 affect the 

normal function of the CRL3KEAP1 complex, we treated the three different cell lines with 

DMF, a known activator of NRF2 [35]. DMF was able to activate NRF2 in HEK293 

UBXN7(−/−) cells but in HEK293 MUL1(−/−) cells, which overexpress UBXN7, the drug 

had no effect on the expression of NRF2. This is an important finding since DMF has been 

shown in preclinical studies to have great potential for treating numerous types of human 

cancer [51]. In addition, DMF is approved for the treatment of relapsing-remitting multiple 

sclerosis (RRMS) and it is currently in clinical trials for treatment of systemic sclerosis (SS) 

[52]. We expanded our studies and tested the effect of UBXN7 protein levels on sodium 

arsenite (NaAsO2)-induced activation of NRF2. Sodium arsenite treatment is an approved 

and standard therapy for patients with acute promyelocytic leukemia (APL) [53]. The 

absence of UBXN7 did not affect the robust induction of NRF2 seen after sodium arsenite 

treatment but it broadens the response of the cells to different drug concentration. Here once 

again, the HEK293 MUL1(−/−) cells, with robust level of UBXN7 protein, show little 

induction of NRF2 after sodium arsenite treatment. In all these experiments there was a 

reverse correlation between the NRF2 and HIF-1α protein levels. Our data suggest that 

monitoring UBXN7 protein levels in tumors before treatment with DMF or sodium arsenite 

can be useful, since it can predict the effectiveness of the treatment. In addition, several 

other drugs used in cancer treatment modulate the HIF-1α levels by targeting components of 

the CRL2VHL complex [54]. The success of these treatments could also be affected by the 

UBXN7 protein level in the tumors. UBXN7 protein levels vary in different human tumors 

(Cilenti et al, unpublished data) and it is overexpressed in squamous cell carcinoma (SCC) 

of the lung due to a chromosomal 3q26–29 amplification that occurs in up to 70% of lung 

SCCs [55]. The UBXN7 gene is located within this chromosomal region and its 

amplification leads to high levels of UBXN7 protein in these tumors [12, 55, 56]. The 

physiological regulation of NRF2 and HIF-1α by the MUL1/UBXN7 axis could be 

bypassed by mutations targeting the VHL subunit that affect the CRL2VHL complex or 

mutations in KEAP1 protein that disturb the CRL3KEAP1 complex. Such mutations have 

been detected in several cancer studies [9, 57, 58]. In addition, NRF2 and HIF-1α can be 

directly regulated by non-canonical mechanisms such as phosphorylation, complex-

independent degradation, or other posttranslational modifications apart from ubiquitination 

[59–63]. Our previous studies have shown that UBXN7 accumulation leads to activation of 

HIF-1α and favors glycolysis [14]. We investigated if the absence of UBXN7 that favors the 

accumulation and activation of NRF2 has a different effect on the metabolic cell state. Our 
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data show that inactivation of UBXN7 leads to a significant increase in OXPHOS over 

glycolysis. Therefore, UBXN7 protein levels can modulate the metabolic state of the cells 

with high levels leading to glycolysis and low levels to increased OXPHOS. The aerobic 

glycolysis induced by high UBXN7 and HIF-1α protein levels is reminiscent to the Warburg 

effect, a hallmark of numerous cancers [64, 65].

In summary, we have uncovered a mitochondrial pathway that involves UBXN7 and its 

regulation by MUL1 ligase (Figure 8). This pathway affects the CRL3KEAP1 and CRL2VHL 

function and provides an inverse regulation of NRF2 and HIF-1α protein levels. Of course, 

we cannot exclude the possibility that other as yet unidentified proteins are also involved and 

contribute to this new pathway. The mechanism of this regulation remains speculative but 

could involve the interaction of UBXN7 scaffold with core components in the assembly of 

the two ligase complexes. The absence of UBXN7 cofactor/scaffold protein could 

potentially lead to the collapse and inactivation of the CRL3KEAP1 ligase complex resulting 

in the accumulation of NRF2. It is more difficult to understand how high levels of UBXN7 

protein inhibits the function of CRLVHL complex that regulates HIF-1α. It is possible that 

high levels of the UBXN7 protein, without a concomitant increase of the other core 

components, might lead to the partial assembly of multiple CRL2VHL complexes that are 

inactive and unable to function properly to regulate HIF-1α. The biological significance of 

the inverse regulation of NRF2 and HIF-1α protein as well as their coordinated signaling 

during oxidative stress or hypoxia is unclear. Coordinated signaling of NRF2 and HIF-1α 
has been found in induced pluripotent stem cells (iPSC) reprogramming where ROS 

activates NRF2 which later promotes HIF-1α activation and a metabolic shift to glycolysis 

[66, 67]. Dysregulation of MUL1-UBXN7 axis can lead to a maladaptive response to 

mitochondrial stress, metabolic reprogramming, and potentially play a role in the 

development and/or progression of human cancer.
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Highlights

• CRL3KEAP1 and CRL2VHL ubiquitin ligase complexes provide a reciprocal 

regulation of NRF2 and HIF-1α proteins.

• UBXN7 cofactor protein level regulates the activity of CRL3KEAP1 and 

CRL2VHL complexes.

• NRF2 and HIF-1α protein regulation by oxidative stress or hypoxia is 

mediated by UBXN7.

• The reciprocal regulation of NRF2 and HIF-1α proteins by UBXN7 is 

associated with distinct metabolic states.
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Figure 1. UBXN7 protein level differentially regulate the transcription factors NRF2 and HIF-1α
A. Schematic diagram of the CRL3KEAP1 and the CRL2VHL complexes, illustrating all their 

respective proteins. The four proteins (UBXN7, p97, E2, and RBX1) that are shared 

between the two complexes are depicted in different shade of blue. B. Whole cell extracts 

were prepared from HEK293 WT, HEK293 MUL1(−/−), and HEK293 UBXN7(−/−) cells. 

The expression of NRF2, HIF-1α UBXN7 and MUL1 was monitored by Western blot 

analysis. β-actin antibody was used to verify equal loading on each lane. C. Densitometric 

analysis of the protein expression levels from (B) normalized against β-actin. Results are 

shown as means ± S.D. of three independent experiments. *p<0.009, #p<0.002 versus 
HEK293 WT. D. Quantitative real-time PCR analysis of NRF2 and HIF-1α in HEK293 WT, 

HEK293 MUL1(−/−), and HEK293 UBXN7(−/−) cells. β-actin was used as a control, while 

EIF3D served as a normalizer. Results are shown as means ± S.D. of three independent 

experiments.
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Figure 2. Regulation of NRF2 and HIF-1α during oxidative stress and the role of UBXN7
A. HEK293 WT and HEK293 UBXN7(−/−) cells were treated with increasing 

concentrations of H2O2 for 8 hours. Whole cell extracts were prepared and the expression of 

NRF2, HIF-1α UBXN7 and MUL1 protein was monitored by Western blot analysis. β-actin 

antibody was used to verify equal loading on each lane. B. Densitometric analysis of the 

protein expression of (A) normalized against β-actin. Results are shown as means ± S.D. of 

four independent experiments. *p<0.004 versus WT con; #p<0.03 versus con or the 

respective H2O2 treatments of HEK293 WT. C. The amount of ROS was monitored using 

MitoSOX and flow cytometry. Results shown as means ± S.D. of four independent 

experiments. *p<0.03 versus HEK293 WT con. D. The degree of apoptosis was measured 

using Annexin V staining and flow cytometry. Results shown as means ± S.D. of four 

independent experiments. *p<0.04 versus HEK293 WT control cells.
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Figure 3. Activation of NRF2 in HEK293 UBXN7 (−/−) cells and regulation of the various 
components of the CRL3KEAP1 complex
A. Subcellular localization of NRF2 was monitored in the cytosolic and nuclear fractions of 

HEK293 WT and HEK293 UBXN7(−/−) cells. Tubulin and histone H3 antibodies were used 

to exclude cross-contamination between the cytosolic and nuclear fractions. B. Graph shows 

the protein levels of NRF2 in the cytosolic and nuclear fraction, normalized against tubulin 

or histone H3, respectively. Results shown as means ± S.D. of three independent 

experiments. *p<0.0004 versus WT fractions, #p<0.008 versus WT cytoplasmic fraction. C. 
Expression of NRF2, HO-1, p62, UBXN7, KEAP1, p97, CUL3, and RBX1 proteins in 

HEK293 WT and HEK293 UBXN7(−/−) cells in the presence or absence of MG132. β-actin 

antibody was used to verify equal loading on each lane. D. Densitometric analysis of NRF2, 

HO-1 and p62 protein expression from (C) normalized against β-actin. Results are shown as 

means ± S.D. of four independent experiments. *p<0.003 versus HEK293 WT cells.
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Figure 4. UBXN7 regulation of NRF2 and HIF-1α during hypoxia
A. Whole cell lysates were prepared from HEK293 WT and HEK293 UBXN7(−/−) cells 

under hypoxia for various time periods and the expression of NRF2, HIF-1α UBXN7, 

HO-1, and GLUT1 proteins was monitored by Western blot analysis. B. Densitometric 

analysis of NRF2 and HO-1 protein expression from (A) normalized against β-actin. Results 

shown as means ± S.D. of three independent experiments. *p<0.03 versus control, ns: not 

significant. C. Densitometric analysis of HIF-1α and GLUT1 protein expression from (A) 

normalized against β-actin. Results shown as means ± S.D. of three independent 

experiments. *p<0.04 versus control, ns: not significant.
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Figure 5. 
NRF2 activation by DMF and the role of UBXN7 A. Expression of NRF2, HIF-1α, 

UBXN7, MUL1, and KEAP1 protein in HEK293 WT, and HEK293 UBXN7(−/−) cells 

treated with DMF. β-actin antibody was used to verify equal loading on each lane. B. 
Densitometric analysis of the protein expression from (A) normalized against β-actin. 

Results are shown as means ± S.D. of three independent experiments. *p<0.003 versus 
HEK293 WT con; #p<0.002 versus con or the respective DMF treatments of HEK293 WT. 

C. Western blot analysis of the NRF2, HIF-1α, UBXN7, MUL1, and KEAP1 protein 

expression in HEK293 WT, and HEK293 MUL1(−/−) cells treated with increasing 

concentration of DMF for 8 hours. β-actin antibody was used to verify equal loading on each 

lane. D. Densitometric analysis of the protein expression from (C) normalized against β-

actin. Results are shown as means ± S.D. of three independent experiments. *p<0.004 versus 
HEK293 WT con; #p<0.009 versus con or the respective DMF treatments of HEK293 WT.
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Figure 6. NRF2 activation by NaAsO2 is affected by the UBXN7 protein level
A. HEK293 WT, HEK293 UBXN7(−/−), and HEK293 MUL1(−/−) cells were treated with 

increasing concentration of NaAsO2 for 4 hours. The expression of NRF2, HIF-1α UBXN7 

and MUL1 proteins was monitored in whole cell extracts by Western blot analysis. β-actin 

antibody was used to verify equal loading on each lane. B. Densitometric analysis of protein 

expression from (A) normalized against β-actin. Results are shown as means ± S.D. of three 

independent experiments. *p<0.008 versus HEK293 WT con; #p<0.006 versus con or the 

respective NaAsO2 treatments of HEK293 WT cells.

C. Line graph representing the trend of NRF2 and HIF-1α protein level following NaAsO2 

treatment from (A). D. The amount of ROS was measured using MitoSOX and flow 

cytometry. Results shown as means ± S.D. of three independent experiments. *p<0.01 versus 
HEK293 WT con.
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Figure 7. Mitochondrial respiration, ATP, and glycolysis rates in HEK293 MUL1(−/−) and 
HEK293 UBXN7(−/−) cells
A. Mitochondrial respiration in HEK293 WT, HEK293 UBXN7(−/−) and HEK293 

MUL1(−/−) cells was monitored using the Mitochondrial Stress Test. Oxygen consumption 

rate (OCR) was measured using the Seahorse XFe24 Extracellular Flux Analyzer. Trace 

shows representative data from one of three experiments. Results are expressed as mean 

±SEM. *p<0.01, # p<0.01 versus HEK293 WT. B. Quantification of the mitochondrial 

respiration data for basal respiration, maximal respiration, ATP production and spare 

respiratory capacity obtained from three independent experiments. *p<0.01, # p<0.01 versus 
HEK293 WT. C. The ATP production rate in HEK293 WT, HEK293 UBXN7(−/−), and 

HEK293 MUL1(−/−) cells was measured using the real-time ATP Rate Assay. 

Mitochondrial and glycolytic ATP production was also determined. Data from three separate 

experiments are presented as means ±SEM. *p<0.05 versus HEK293 WT mitoATP, #p<0.05 

versus HEK293 WT glycoATP. D. The Glycolytic Rate Assay was used to measure 

glycolysis as well as compensatory glycolysis of HEK293 WT, HEK293 UBXN7(−/−), and 

HEK293 MUL1(−/−) cells. The Glycolytic Proton Efflux Rate (glycoPER) was converted 

from OCR and ECAR data through Seahorse XFe24 Glycolytic Rate Assay Report. Data 

from three separate experiments are presented as means ±SEM. *p<0.04 versus HEK293 

WT.
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Figure 8. Schematic diagram of a proposed pathway that provides a reciprocal regulation of 
NRF2 and HIF-1α proteins.
Reactive oxygen species (ROS) actives MUL1 ubiquitin ligase which in turn ubiquitinates 

UBXN7 protein and targets it for degradation. UBXN7 downregulation leads to activation of 

NRF2 and a decrease in HIF-1α levels. This is accompanied by the activation of the 

oxidative response and raise in OXPHOS. MUL1 inactivation, or downregulation during 

hypoxia, leads to accumulation of the UBXN7 protein. This is followed by the activation of 

HIF-1α without affecting the NRF2 protein, followed by the initiation of the hypoxic 

response and the switch of the metabolism to glycolysis.
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