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Cloning and characterization of NRF2

HEMIN

cDNA

gt11K562

Probe:
NF-E2/AP1 repeat

Positive
clones

5'-GCACAGCAATGCTGAGTCATGATGAGTCATGCTG-3’

Moi, P. et al. (1994). Proc. Natl. Acad. Sci. U.S.A. 91, 9926–9930 

p45NF-E2            erythroid and megakaryocytic maturation and differentiation
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Hiper senstitive site 2              beta-globin cluster NF-E2/AP1 site             ?
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The C’n’C collar family of transcription factors

DLG ETGE
           

DSGIS   DSAPG

NRF1

NRF3
p45 NF-E2

Transactivation 
domain

DNA 
binding domain
C’n’C-bZIP

Keap1 
dependent 
degradation

-TrCP
independent 
degradation

NRF2

Different functions as determined in knockout mice >200

< 40

Aligment score
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NRFs in Metazoa

Porifera
bZip

Cnidaria
C’n’C

Lophotrochozoa
NRF2-like

Deuterostomia
Variations of NRF2-like

Gnathostomata 
NRF1, 2, 3, NF-E2

Cephalochordata
several variations of NRFs

NRF1

NRF2

NF-E2

NRF3

C’n’C

SKN-1
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Genome duplications in the proximity
to HOX genes

chr7 (p15.2) p21.3 p14.3 14.1 7q21.11 21.3 22.1 q31.1 7q337q34 q35

NFE2L3 SNX10 LOC441204 SKAP2
HOXA
clusterHNRPA2B1 CBX3

26,200,000 27,300,000

C7orf71KIAA0087

chr2 (q31.1-q31.2) p21 14 2p12 13 31.1 q34q35

MTX10 LOC375295

176,500,000 178,500,000

NFE2L2
MTX10 LOC375295

HOXD
cluster

176,500,000 178,500,000

chr17 (q21.32) p13.3 p13.2 p13.1 17p12 17p11.2 17q11.2 17q12 q21.31 17q22 23.2 24.2 q24.3 q25.1 17q25.3

NFE2L1
SNX11 SKAP1 HOXB

cluster

46,100,000 46,650,000

chr12 (q13.13) 12.3 12.1 11 12q12 14.1 q15 21.1 21.2 21.31 q22 q23.1 23.3

NFE2LOC100240734HOXC
cluster

54,300,000 54,700,000

SMUG1 CBX5

NRF1 HOXB

NRF2

NRF3

NFE2

HOXD

HOXA

HOXC

Chr 17

Chr 2      

Chr 7

Chr 12      
Jiménez et al, unpublished results
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Nrf2 phylogenetic tree relative to atmospheric oxygen levels

Gacesa, R. et al. Sci. Rep. 6, 27740 (2016).
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Variability of the NF-E2/AP1 sites
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tBHQ, BHA, etc responsive
EpRE sites found in  GST, NQO1
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Use this blue line and this font for titles
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Use this blue line and this font for titles

Modified from Hirotsu et al, (2012 )Nucleic Acids Res. 40:10228-39. 

Small MAFs:
- MAFF
- MAFG
- MAFK

BACH:
- BACH1
- BACH2
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NRF2 regulates 1% of the genome?

Hayes & Dinkova-Kostova (2014) Tibs: 199–218

Function symbol     name

Detoxification: phase I
Functional groups (-OH)

Detoxification: phase II
Conjugation

Detoxification: phase III
Extracellular transport
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Hayes & Dinkova-Kostova (2014) Tibs: 199–218

Function symbol      name

Antioxidant:
GSH system

Antioxidant:
PRDX/TXN system

NRF2 regulates 1% of the genome?
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Hayes & Dinkova-Kostova (2014) Tibs: 199–218

Function symbol      name

Heme & Iron
metabolism

Gene expression:
Trasncription factors

Proteasome/autophagy

NRF2 regulates 1% of the genome?
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NRF2 regulates 1% of the genome?

Hayes & Dinkova-Kostova (2014) Tibs: 199–218

Function symbol      name

Heme & Iron
metabolism

Gene expression:
Trasncription factors

Proteasome/autophagy
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Redox balance

HMOX1, NQO1, TrxR, cGS, 

GCLc, GCLm, Gpx, GR ...  

PPAT, MTHFD2  

G6PDH, PGD, IDH1, ME

ACC1, FAS, SCD1, ACL...

MARCO, CD36, IL17D  

Gpx8, PSMB7, SQSTM,

CALCOCO2, ULK1.....

Inflammation 

Proteostasis

Purine metabolism

Pentoses metabolism

Lipid metabolism

> 250 ARE-genes

F
G
K

NRF2 MAF

ARE 

NRF2 is a master regulator of cellular homeostasis

Cuadrado et al, Pharmacol. Rev. 2018
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Structure domains in NRF2 that regulate its stability
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KEAP1 is a redox sensor

-propeller
Binding to Cullin 3

Broad complex,
 Tramtrack,
 Bric-à-Brac (BTB)

IVR Kelch-repeat domain

Structure domains in NRF2 that regulate its stability

Villeneuve et al ARS, 2010
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Nrf2
Ub

Nrf2
Ub

Nrf2Keap1

Non-stressed conditions
Ub

HO-1
NQO1
GCLC
GCLM
GPx

Cytosol

Nucleus

Maf

ARE

Nuclear
Pore

Basal 
transactivation

Nrf2

ARE-driven genes

Redox regulation of NRF2  
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Slide number

Cytosol

Nucleus

Nrf2Keap1

Stress conditionsROS
Electrophiles
Xenobiotics

pharmacological
targeting

Nrf2

Nrf2
Nrf2

Nuclear
Pore

Nrf2
Nrf2

Induced
transactivation

HO-1
NQO1
GCLC
GCLM
GPx

Maf

ARE

Nrf2Nrf2

Nrf2Keap1

ARE-driven genes
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Structure domains of NRF2 that regulate its stability

-propeller
Binding to Cullin 1

-TrCP recognizes a phospho-degron

Modified from Villeneuve et al ARS, 2010

Cul1
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Nrf2
Ub

TrCP

Unstimulated conditions

HO-1
NQO1
GCLC
GCLM
GPx

Maf

ARE

Basal 
transactivation

Nrf2

ARE-driven genes

GSK3

P
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Nrf2TrCP

Stimulated conditions

HO-1
NQO1
GCLC
GCLM
GPx

Maf

ARE

Nrf2

ARE-driven genes

GSK3

P Nrf2

Nrf2 Nrf2

Nrf2

Nrf2
Induced
transactivation
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Growth
factors

G protein
coupled R

Ion
channels

NRF2 NRF2 NRF2

PI3K

AKT

GSK3a/

PTEN

WNT on WNT off

Unknown
Kinase(s)

-TrCP

..K…DSGISLNTSPSRASP..
317/22 335 338 342 347

..K…DSGISLNTSPSRASP..
317/22 335 338 342 347

..K…DSGISLNTSPSRASP..
317/22 335 338 342 347

Ubiquitin

Electrophiles

T308  S473

C124

S21/9

LP
R

5
/6

Fz Fz

NRF2

-TrCP

GSK-3

NRF2

-TrCP
Axin1

GSK-3

Axin1

Phospho

Ubiquitin

DEGRADATION
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Some electrophiles may have a combined
effect depending on potency and concentration

Cul3

NRF2Neh2 Neh6

KEAP1

ELECTROPHILES

Ubiquitin

KEAP1 as electrophile sensor

SH

SH
SH

SH

SH
SH

Cul1

PTEN

GSK-3

NRF2Neh2 Neh6

Ubiquitin

PTEN as electrophile sensor

ELECTROPHILES
SH

-TrCP
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Double flux controller

KEAP1
-TrCP

NRF2 flux
Adapted to demand 25
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Dual regulation model of NRF2

KEAP1/NRF2

KEAP1
adduct

-TrCP/
Phospho-Nrf2

-TrCP

GSK-3
inhibitors

Electrophilic
compounds

NRF2

Antioxidant response

Drug targets
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GSK3BRXRA APCMAPK8 MAFG

GLRX

PPARGC1BNQO1 PGD

GGT1

GCLM

GLS

GCLCFECH
UGDH

MAPK13

CBR1

CDK1

GRB2

BLVRB

BLVRA
FTH1

HMOX1

CREB3

EPHX1

TXN

EGFR

SP1

GSR

GPX2

PRDX1

MGST1

SRXN1

PPARGNCOR2

BTRC

RARA
BRD8

NFE2L2
PRKACA

MYC

KEAP1

NFE2

SULT1A1 TALDO1SLC7A11

TXNRD1 TKTUGT1A1

ABCC2ABCB6

AKR1B1

ABCC3

AKR1C1 ALDH3A1

NCOR1

PRDX6

UBC

MAPK1

EP300

PRKCG

PRKCB
CEBPA

FTL

RELA
PRKCA

HKDC1

G6PD

UGT2B7

JUN

CREBBP

NFKB1

SRC

Cuadrado et al, Pharmacol. Rev. 2018

The NRF2 interactome
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Lessons from the Nrf2-knockout mice

Brain:
Stroke
Parkinson’s disease
Alzheimer’s disease
Brain leukoencephalopathy with astrogliosis
Spinal cord patholgies
Hearing loss

Inflammation/immunity:
Sepsis
Autoimmune encephalomielitis
Rheumatoid arthritis
Lupus-like autoimmune nephratis

Heart and circulation:
Athersoclerosis (-)
Ischemia-induced neovascularization
Cardiomyocyte damage
Hemolytic anemia

Carcinogenesis (-/+):
Gastric neoplasia
Colorectal cancer
Mammary carcinoma
Bladder carcinogenesis
Lung adenocarcinomas 
Skin cancer

Gastrointestinal:
Liver injury
Steatohepatitis
Xenobiotic hepatotoxicity
Acute intestinal mucosal injury
Colitis

Airways:
Acute lung injury
COPD/enphysema
Allergy and Asthma
Pulmonary fibrosis

Skin:
Skin healing
UV-induced skin aging
Uveitis
Retinal ischemia/reperfusion

Kidney adn bladder:
Cisplatin nephrotoxicity
Ischemic nephrotoxicity
Diabetic nephopathy

Metabolism:
Lipid homeostasis
Glucose homeostasis
High-fat-diet induced obesity

29
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NRF2 deficiency in the diseasome
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symptom similarity

comorbidity

shared genesDisease-disease relationships

neurodegenerative cardiovascular

neoplasms

glucose 

metabolism

respiratory

digestive 
system

Hyperglycemia

Breast
neoplasmsAsthma

Colorectal
neoplasms

Vitiligo

Type 2 diabetes

Prostatic
neoplasms

Gastrointestinal
diseases

Diabetic
nephropathy

Drug-induced
liver injury

Liver cirrhosis

Non-alcoholic
fatty liver
disease

Pulmonary
emphysema

Sepsis

Squamous cell
carcinoma

Non-small cell
lung carcinoma

Glioma

Pancreatic
neoplasms

Epithelial
ovarian cancer

Colon neoplasmsLeukemia

Liver neoplasms

Diabetic
retinopathy

Chronic
obstructive
pulmonary

disease

Acute kidney
injury

Chronic kidney
disease

Vascular
diseases

Pulmonary
fibrosis

Middle cerebral
artery infarction

Ischemia
Atherosclerosis

Systemic lupus
erythematosus

nephritis
Huntington

disease

Amyotrophic
lateral sclerosis

Alzheimer's
disease

Parkinson
disease

Diabetic
cardiomyopathies

NRF2 related diseases

in the diseasome

The human NRF2 diseasome

Cuadrado et al, Pharm Rev. 2018
31
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NRF2-deficiency as a common pathomechanism

NRF2
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Somatic and Inherited mutations in NFE2L2 (NRF2)
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NFE2L2 haplotypes and Parkinson’s disease 

Gene associations with PD

SNP1, 2, 3

34

anton
Stamp



NFE2L2 and the genetics of Parkinson’s disease 
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➢ Some genes have a strong impact in disease development but little effect at the population level

➢ Some genes have little effect on disease but strong impact at the population level

Population relevant

PARKs..….........GBA1……..…………..………... NRF2

Disease relevant
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Summary

1. NRF2 belongst o a family of bZip transcription factors that participate in multiple aspects of 
development, proliferation and differentiation.

2. NRF2 is a master regulator of cell homeostasis. Protection against:
- Oxidative stress.
- Inflammatory stress.
- Metabolic stress.
- etc.

3. NRF2 deficiency is a common theme in degenerative diseases. 
NRF2 up-regulation is common to many tumors.

4. Activators of NRF2 may provide a therapeutic strategy for diseases with low-grade chronic
inflammation.

5. Intensive search is done to find NRF2 inhibitors for some cancer types 36
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