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Structure of the tutorial

1. Basic principles of biologicai systems

2. The need for sensors {e.g., the Nrf2/Keapl system)
3. The unnatural process of ageing

4. The Nrf2/Keapl pathway.during ageing

5. The Nrf2/Keap1 pathway in age-related diseases

Forthis lecture: Prioritize concepts cver experiments
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Energy, metabolism

The need to maintain machines functionality { rt “life”)
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“Stress” - a reaction t T —

NON-VIABLE

A

STRESS

Physiological constant
fluctuation

essis a physical, -
psychological, -

Trougakos (201 Aging 11, 5289—%‘%_' :
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NRF2/KEAP1 (sensing stress) e
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nsactivation : -
KEAP1-CUL3 omain B- j DNA binding domain-:
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NRF2 (amount - localization) ey

iz | Keap! i | In the the amount of Nrf2 was
:> TS0 | | ey maintained at lower evels than those of
l £ Keapd and CuI3 pf'f‘iems whereas the
g (N @ ) e
o ' ! = LS
pmtemimegmdat.on = THE) s draimati a.:.i y increa ¢d Nrf2 to a level
e | gr&aféE than that'8ifgap1 and Cul3,
Induced State.. ; pseer | =y o ooy rastiting in the acecunzulation of Nrf2 in the
:° @ L | et e nucleus. in contrast; Keapl and Cul3 did not
| ME__,H M display any chianges in their abundance,
=0 C ; : 52@) ‘C;,:;%NDMLD subcellular localization, or interaction in
ii} (&_}"‘5 | response to electrophilic stimuli.

Iso et.al: (2016). Mck-Ceil Biol 36,-3100-3112:

;|

(adult, max fitness)
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NRF2 (links to Growth Factors signaling

p-TrCP-CUL1-depsiidernt
pathway

In addition to the Keapl-dependent
degradation, Nrf2 is also reguiated in a Keap1-

P

Elshi—:fmlat"*';b independent manner. Glyenzan synthase\
Sonaing & o Rinese-d G8K-3) inhibitsNrf2 activity by direct
I " “phosphoiyiation. Phospharylated Nrf2 then
7 . 5 A o g
@ﬁ}ﬁ interacts with-transducing repeat-containing
: e protein (-TrCP}, a substrate receptor for
i No phosphondation C ) -
of NRE2 ubiquitin ligase complex; and is ubiquitinated.

The physiologice! context in which this
phosphorylation pathway is modulated is
o artid unclear; it is found that that the inhibited GSK-
Mo ubiguitination ) )
St NRF2 3 pathway in cancer cells activates Nrf2 and
confers drug resistance by upreguiating anti-
stress genes.

Degradation

( adul t, max f itn 95_5 ) Yamnameto-et al., (2018} Physiol Rev:-98:1166-1203.
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NRF2/KEAP1 (a multifunctional sensor) BRIt

Sevonad adeto ATION (D

The pleiotropic effects of : Nrf2/Kea
sensor system: Regulatio "of a wide bread

of (among other: ph R, UPP, ALP,

mitochondriai, inflammatory, metaboli
(endogencus signals) and ant
(exogenous/endo enous signals) genes

_An array of micro-RNA genes are
T dm .
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NRF2 functionality during ageing Wi

Aging Cell (233); £5-ppipi=83 3

Aging Cell (2013) 12, pp554-562 Doi: 10.1111/acel 12078

Proteascm= dysfunction:in-Drosophila signals to an

Declining signal dependence of Nrf2-MafS-teguiiated gene Nrf2-depencznt reculatory circuit aiming to restore

expression correlates with aging phenotypes proteostasis-and-prevent premature aging
Mohammed Mahidur Rahmat:t2:Gemsimos P. Sykiotis,"* Eleni N. Tsakiri," Gerasimos P. Sykiotis,”
Miayuko Nishimura,®> Rolf Badsier”and Dirk Bohmann' Issidora S. Papassideri,’ Evangelos Terpos,’

Meletios A. Dimopoulos,3 Vassilis G. Gorgoulis,d‘5
Dirk Bohmann® and loannis P. Trougakos'

(C4) * gstD- gstD- (C2) gstD: gsiD-
ARE:GFP mARE.GFP ARE:GFE-mARE.GFP

) triggers activation of

1.6
1.4
1.2 -

1 -
0.8 4
0.6 4
0.4 4
02

0-
PS341. —+ -+ -+ -+

20w Y 5 Y o

. ts (AREs) in young
tic tissu C) GFP-related fluorescence

levels:ner samatic tissue:protein ug (C,) or (%) (C,)
following PS-341-rnediated proteasome inhibition in
young (Y) or old {&}transgenic gstD-ARE:GFP or gstD-
MARE:GFP flies. In all cases, flies were exposed to the
indicated concentrations of PS-341 (Bortezomib,
proteasome inhibitor) for 4 days.

%% )

GFP fluorescence
(fluorescence units/protein pg)

Retative (%) GFP fluorescence

*gstD Glutathione S transferase
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NRF2 as ageing modulator
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NRF2 as ageing modulator .
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NRF2 as ageing modulator T
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GAL4 System in Drosophila: = Gt o pnll rpn6 2 S
A Fly Geneticist's Swiss Army Knife~ - i
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The Nrf2 paradox: Mirf2 overexpressing flies experience

lifespan shariening; while at the same time, the
organism is ifi a state of maximuir stress tolerance

o £[Cak o
-\ = UAS cncClGadivd
\REM% )
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Survival

Ly
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£ o = -

Time in days (isogenic AEsi

UAS cncC/ &
31 Tub &
I2.FLAG Gald &
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B RLAGH T Brintonr
Baads {ras UAS)

IB: GAPDH |*= — Low expression in the
Not bound aksenge ofthe inducer
(input) (RU48E)

— RU486 (-)

—— RUA486 (+) 1 uM
YAS ehcCli--- RU486 (+) 5 uM
GalaTin - mem RU486 (+) 10:4i
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“‘é \:\ s tg A0 T\ -:
: 1h: S Bk
S H
o 20 0 L} 0
Time in days RU486 - +
(isogenic lines) UAS cncC/
Gal4Tub

Long term OE of
cytoprotective Nrf2 is tauic

The activation level of anti-stress-effectors whicl: maximizes healthspan/lifessan
in physiological contexts is likely considerably lowerthan that which tnaximizes
prctactionagainst toxic:deses of stréssors

&fBenBedPhar
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Trehalose

Prolonged Nrf2

activation resulted in €
gradual decrease of g
GLU and GLY content  © ™
In flies’ tissues; It alsO  guags = £% - £1 -+t - r- ok
progressively s O ° a_ & &
Increased levels of
TREH (hyperglycemia), =
. <
and caused extensive gz
lipolysis in the fat body 2 2!
R
=i
Ry
Qv
03
= 9§
2k s
e s Lipids
gl o s
F 1| A L b (N e E
5.._"_*..__'_'.__::. CBHD e o HEE L SHE "". ‘ = b2 .
Unbiased NMR-base o SRR . o Se. 3 il
mr;t;ij;cmics Znalyses UAS cncCl UAS cnel, UAS keapl¥ISLUAS keaptew | Starvation in the midst of plenty” |
extended these observations Sk G S PRI |- _ahallmazk of Typéi-didbetes |

RU486(-)  RUA486(+) RU486(-) RU486(+)
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Nrf2 is a negative:reguiator of the:sysiemic Insulin/IGF-like signaling

Bram

G-GABA, STAT

© DILP2, 3,5

% DILP2, 3,5, DSK
2t \ t:Z)CRZ‘ SNPF, Proct
g (1P, DTK, sNPF

UAS cncC/
Gal4Tup
RU486 (-)

e
S
N
Ji

J,_e'f*' § ]
/ i
UAS cni¢
Gal4m
RUA486 {+#

Haemolyniph Head Hzenalymph
a2 [ el (mpL2 o .
e i ™~ < N =
== o i3z o
Ponceau |5 = g2 g4 Chromatin IP
RUA486 - i- 4 RU486 - + | BhEeau 1075 § §
UAS cncC/ o - 1 E —
UAS ¢rieC) GalaTh  EiirEitoass o i
Gal4™e UAS cheC/ £ - ,ﬂ"
GaldTub 0 E
= -1¥ - S EY ok e A e e = o1l -
conical  haematdpoigtie - (_5 = E
chamber: hub valve naem:l:gzmenc & LIL] ]
11234 1234 1234-1234.:-1234
1.1: w18 / mock (no A}
_:_I;rgﬂes Z 1118 FLAC Ab
' 3 UAS ¢icC/GalT™™RUABE {)... LT
4 UAS cneC/Gala™ RU4SE 4 Il

Tsakiti-etal. (2013; Autophagy I57E757-1773¢
Tsakiri et al. (2019). Aging Cell 18, e12845.
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NRF2 as ageing modulator

Nrf2 OE (apart from keapl, ImpL2} aiso upregulated its othar
Inhibitor; namely sgo/gsk-3 (Shagay, the fly ortholog of
mammaliziz &sk-3). This autoregutatory network motii
Indicates that as Nrf2 network evolved in higher metazoans
one of its majortunctions s to dimit its own activity

InS/GE
i sgg/Gsk-3 ‘
= c 3 . Pdpki
(Y-
5 ;
S 8 2 Ak ImpL2
% E:E 1 Foxc '\*“"éﬂr g
T Pl i L
RUA48& 9225 & AntiOX / J_

ALP Nrf-2

v

E Gal4qmue Keapl/\
AntiOX /
UPP

{FAS cneC/
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NRF2 as cellular senescence modulator SeessE=as

ORIGINAL PAPER

Aging 1@ wiLey|

Identification of a small moleciie SRYGGS thatactivates NRF2

to counteract cellular senescence

Li-Bin Gao' | Ya-Hong Wang?® | ‘Zai-Hua Liu* | Yu Sun?

Qing Jing®

| Peng:Cais

Agirig:Cell. 2021;20:e13483.

The senescence-associgted sccietory phenotype (SASP)
is a striking characteristic of senescence. Accumulation
of SASP factors causeas a pro-inflammatory response
linked to chronic disease. Suppressing senescence and
S5ASP represents a strategy to prevent or control
u*ted diseases. Here, we |dent|f|ed a

revealed that SP.‘: €3 inhibits the SASP and full DNA
damag;@sa nse 2 {DDR) activation {glfeif:; R1[=

mmune UeII infiit ratlon.
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NRF2 mediated proteostasis

— mitostasis crosstalx
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Contents lists available at Sciéncees, .
REDOX

Redox Biclegy

journal homepage: www dlzaiet.comgotate/radox

Baneticial wiring of proteostatic and -miisgstafic modules ensures transient | M)
organisinal-suivival during imbalancéd-fnitochondrial dynamics

Gk for
Rpdaten

Sentiljana GuUite 2" “FAi Pangelakou™ ', ERE-NE-TEKi", Luca Scorrano”,

Ioannis P. Trougakas.

Reduced mitochendrial fusion rates.in Drosophila caused
developmental lethality or if indticed in the adult accelerated aging.
Imbalanced mitcchondrial dynaimics were tolerable for various
periods inyoung flies, where they caused oxidative stress and
proteome instability fﬁét bi:lized Nrf2 and foxo to upregulate
cytoprotective antioxidant/proteostatic modulesE®JiSIN=Is1d\A
proteasome inhibition or Nrf2, foxo knock down in young flies
exaggerated perturbed mitochondrial dynamics toxicity. Neither
Nrf2 overexpression (with concomitant proteasome activation) nor
Atg8a upregulation suppress"d the de‘reguiated fnltochondraal

dvnasiics toxicity, which §
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NRF2 — FOXO functional crosstalk St il

Fasting

Glucose

A Insulin-
Trehalose O —

;:\ producing
iyl brain cells

[ i O
o) |1 |
Mitochondria I o e =
Aktl f = =2 y Foaria i i .
&, —i foo_ | & s £ anc cerezulated metakolic and proteostatic pathways
B m foxo & o o ’
R"ﬁ& . | REAN- OE (2 2 these phenotypes were more intense in transgenic flies
ranscriptiona ‘
regulation: HIGH Baces gas a3 “ | P ~ Vo ' aY o a
ey & it AR | expressing nigh levels of foxo. : :
N ¥ Metabolic o
v Proteostatic E Trapsgeosdosage LOW e Vel re o O r¥sres ) 'a °
v oL T e * - A 9= o
iid_ﬂg_ 5 (/Deregulaled proteosiasis o e
] Altered metabolism o't a - 2 PYEO B E
i | " Increased sensitivity to stress @)’;ﬁ? o - S > = < <
Tissue- and dose-dependerit-= § || Accelerated aging : i ik . N
effects of foxo OE on flies’ 1’1 E - - g SiAFAS 4 - ZAEES = < L C
development, physiology-énd ! o nergy Resources m&, n h S Hs 50 N n defe
longeww i- i E Enhanced proteostasis = > . “O -
B P Tisste fteyity
] Cuverallivorisastasis
U = \ langevity /

Weaw

Foxo OE stimulates in an Nrf2/cncC dependent-

P manner, counteracting proteostatic pathways, e.g.
&8l cells ceis 2021, 10,3577, hitps: / / doi.org, 103390/ cells10123577 @\pﬂ e EP P i ,y » €8s .
T ..o~ | the ubiquitin=proteaseme pathway, which is central in

Article : ameliorating the aberrant foxc OE-mediated toxicity.
Differential Dose-and Tissite-Dependent Effects.of foxo on

Aging, Metabglic:and Proteostatic Pathways

Maria S:Wanola ", Seniidjana Gumzni | and leansis P.ilveugakos *
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PN modules collapse (normal A il

T o

Viability of metaz:

stress responses, “i*’ Jity |
. == ..ﬁ ' 't:"‘%:.'ﬁ.*‘l##
in order to produc yargetic_molecutes.

dremeiy compiicated coregulation an

omponent

yn-of signaling

>N, resulting in the

he  mitochondrial

Tsakiri et al. (2013). Free Radic Biol. Med. 65, 1155-1163
Tsakiri et al. (2013). Aging Cell 12, 802-813
Tsakiri et al. (2013). FASEB J. 27, 2407-2420
55 Tsakiri 019) Agi IF18, e12845
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Sustained stress signaling (even with
no damage) accelerates ageing

Even in the absence of biomolecuiai damage, persistent stress signaling. [~
triggers a highly conserved adaptive metzkoiic respeonse which reallocates INS/GF =
resources from growth and longevity to somatic preservaticn.and stress Pdtkl
tolerance. This notion provides.a e o ElI R ET ELe]4] } N
: mp
not all) cytoprotecti Foxo ¥ AJ_kt
‘ / Gsk-3
. HEai AntiOX
oteins, angd AILP 1 %ys
Nrf-2
Keapl/\ ‘
AntiOX /
UPP

o correct do: ge of stress sensors activators and
EIC M EIGIWYEWS remain critical to

Thus, the criticai
of their interacticn
avoid clinical trial failures.

Tsakiri et al. (2019). Autophagy 15, 1757-1773.
Tsakiri et al. (2019). Aging Cell 18, e12845.
Gumeni et al., (2023). submitted
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ARTICLE OPEN
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Sentiljana Gumeni', Eleni-Bimi

. | Cell Dea Disease (2021)



anton
Stamp


N
coskE
k’ EURDPEAN CODPERATION BE I*] Bed P '—I a r-

NRF2 in cancer I T

The hallmarks of Car

Sustaining Evading :-
proliferative growth
signaling

cellular
energetics

- ) .' : - S
Deregulating Aveiid B ff_" 2 1 1 al"kS Of Cancer

an,” and Donna D. Zhang'-%"

18 © 2018 Elsevier Inc.

+.|.t'-..,
22
L

th

Resisting

cell ;60 € [E81E roplicati direc indirect roles that promote or block
death ] i -Eﬁ'* .
0 of ke hallmarks of cancer.
ANE_| f%*‘%fJ_‘l’*ﬁf#* -
TR R F
SRR AR
Genome T
instability &
mutation

AGUVating
Kl invasiol
netastasis

Inducing
angiogenesjé

n.and Weinberg



anton
Stamp


i
coskE
b EURDPEAN COOPERATIIN Be r‘] Bed P '-I a r

NRF2 in cancer R
=< o o e
o ; -l-,.tr

i

e

Impact of age- or lifestyle-rela
oncogenesis and potential

A
it

I

s -elaslasis

Brain
metastasis |

'Ii:'-*'ﬂ-&'l-
e
%@
e

55 20

5
s

wgrden
Vicious circle of higher rates of gEngmic oo,
instability IR
[ (due to ineffective DNA replication or repait from:«
i
B e

gl
&
""-:*.-I-
i
B
=

=

:

i

&5

i3
.

b
e

i spreads to other
of the body

dysfunctional protein machines)

Cpart

|
5
i .*,_
¥
i
ittty

S
i

homeodynamics

i,

ik

_ 'Iif.:*
i
"I'"I;i;l;i':I'i;l;i;l;i;I" i

Normal

somatic cell Early locally

advanced

S tedresponses-1 proteostasis ensuring machineries

f !

PN activation PN activation

Cancer evolution precursor lesion

|
Proteome/Genome
Instability

. _pro-oncogenic pro-oncogenic o ¢
x o - Th] A
] E — -'i' - E: B Ly acquired transformation \!/v:-l >
iy ““Therapeuti : ! ’)}9‘56% £ e )
gE -
| s B --rH - = E_ £ =5 rinitiation progression = -
EHECtE 'E_&._ ; T P FEap = Time . B
= ~Troiigakos et al. (2013). J.. Prateomics 92, 274-298.
i i t3orgoulis et al., (20 J Pathol 246::12-40.
= ; ! Skhrou et al. (2018).- Can " . 121.
3% e e e ; =


anton
Stamp


o coskt
u EURDPEAN COOPERATIIN E!J E‘ [1| Be{:i P '-‘I a r

NRF2 in cancer I T

# Mutations

|
o {11 L LULLL DI T
BTB

T T T T T
0 100 200 300

NRF2
R34*/R34G/R34L/R34P/R34Q/S33_R34del

éﬂ : in cancer. KEAP1 and
;:; 3 mutations are
*0 ||I‘ EoiE ji.‘J - ;; AR St SR, -#._4‘ uted in a wide range
| : . S .oy over the coding region,
0 100 00 605aa

ETGE motif ~ DLG motif

ns

# Mut

i

o
o
5

T H H T T 1
4 N - i R i

= = e -
Yamamoto et al., (2018). Physiol Rev. 98, 1169-1203.


anton
Stamp


Active ;d N E D E t
For o &yw?t?;':l? g BenBedPhar

Can we decelerate the clock?

Anti-aging interventions as.a systemic apprgach
to also tackle age-related diseases

Age-related diseases...

Natural pracects (extracts or
pure comgaiingds) exert a broad
range of siological activities,
ar:d therefore, they constitute
the ultimate inventory of
seeking novel structures
capabkie of diverse and

sometim=as extraordinary anti-
' aging effects

Current drugs

(therapeutic interventions): =

Matural compounds /
drugs
{n7zventive interventions)
¥
Reduce damage
(e.g., neutralize v
stressors) Activate coit
protective
mechanisms
T e

Argyragatilou etiat. (2013). NatiProd Rep:36; . 1412-37.
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Preserving transcripticial stress resgonses as an anti-aging
strategy

¥ang Cheng! ® | Andrew Pitoniak® =1 “auiia Wang?® | Dirk Bohmann®
Aging Cell. 2021;20:13297.

The progressively increasing frailty, morbidity and mortaiity of aging organisms coincides with, and may
be causally related to, their wanisig ability to adapt to environmental perturbations. Transcriptional
responses to challenges, such as Gxidative stress or pathagens, diminisi with age. This effect is
mamfest in the declm g functseﬁﬁ ;}f the stress responswe tramcr:gtmﬂ fae:tor \[s¥MProtective gene

render them inert to signai-degendent transcrintional activation in old animals.

Overexpressi@ra ef the CncC dimerization partner Maf-S counteracts this degenerative effect and
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sufficient reason to discredit the

irf2 pathway as a drug target, e.g.,
“for anti-aging purposes; evidence

comes from the fact that humans
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and from the increased healthspan
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A feasible approach

The indirubin derivative 6-Bromai
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