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Nuclear-Mitochondrial Signaling

Nucleus

Mitochondria |
ROS, Metabolites, UP | Wm:m L
P53, SIRTs, PGC1a | 3 %;‘2«

NAD NVIN  INAU
@D Nuclear coded protein Tryptophan Nicotinic acid
O Mitochondrially coded protein (TRP) (NA) NAM NR
| | 1
v ‘ - ' b Chromoseme
HF NA NAM ATP. NR Cytoplasm
tF“Wa]t naFhe Mitochondrion ] pRpp
4 | o o TRP—-—NAMN =
/ ' v\ Nucleus o
_ \Malate/aspartate NM NAT2 NAM PT Chromatin fiber
P et 3 Subunits of NAL o VA
dehydragenase 3 __ S \ \ G|ch|ySlS ‘
- o Subunits of TCA CyCle ETC FADH I PAR Pl NADH i\\ "Beads on a string”
A c';'w.cdhrumec C NADH NAD _-' NAM s E;re::g:wi:n
A 7NM"{’§T_ __NAD* | Pyruvate Lactate LSIRTL2) H NMNATI )
. ‘ IGlyceraldehyde- (NADK ) *--NAD* ‘_I
Suburnits of . 3-ph05phate
s . - / s e PARP1 j{isTl 256 ?\I "
e y' Double helix
2NAMPT < H ~ e NAM T
NADPH N NAMPT



Segmental Progerias: Premature Aging Disorders

Premature Aging Elite Aging

Werner Syndrome
Cockayne Syndrome
Xeroderma Pigmentosum
Bloom Syndrome
Rothmund Thomson Syndrome

The oldest person

HutChinSOn G||f0rd PI’Ogeria | Jeanne Calment

122.5Yrs

Ataxia Telangiectasia
Cockayne
Syndrome

GOOD model systems for the study of aging

48 Years Genetic defects can be complemented in
biochemical and cellular studies

All these conditions are defective in DNA repair



Segmental Progerias: Premature Aging Disorders

Premature Aging

Seve re Cockayne
Neurodegeneration Syndrome

Cockayne Syndrome
Xeroderma Pigmentosum grp A
Ataxia Telangiectasia

48 Years



Nuclear DNA Damage leads to Mitochondrial Dysfunction

Cockayne Xeroderma Ataxia
Syndrome Pigmentosum, Group A Telangiectasia

Diseases with DNA
repair defects

premature aging

severe
neurodegeneration

Studies across Species

Scheibye-Knudsen et al. J. Exp Med. 2012 Damaged
Scheibye-Knudsen et al., Aging, 2013 : .
Fang, Scheibye-Knudsen et al., Cell 2014 Mitochondrion
Scheibye-Knudsen et al, Cell Metabolism 2014
Scheibye-Knudsen, Fang et al, Autophagy 2014
Scheibye-Knudsen, Fang et al., Trends Cell Biol 2015
Fang et al, Nature Reviews, MCB 2016

Fang et al, Cell Metabolism, 2016

Fang et al, Trends in Molecular Medicine, 2017
Scheibye-Knudsen et al, PNAS 2017

www.mito.db
Welcome to the
mitochondrial
disease database




DNA repair deficiency leads to mitochondrial dysfunction

Premature aging diseases with deficient DNA repair:

Ataxia telangiectasia Human cells Bioinformatics
Xeroderma pigmentosum Grp A Mouse models Cell Biology
Cockayne syndrome Nematodes Biochemistry

Behavior

INCREASED PARYLATION

INCREASED MITOCHONDRIAL ROS

INCREASED MITOCHONDRIAL

MEMBRANE POTENTIAL

DECREASED MITOPHAGY

LOWER NAD*

DECREASED SIRTUIN ACTIVITIES

MANY CLINICAL FEATURES SIMILAR
TO MITOCHONDRIAL DISEASE

Werner syndrome
Aprataxia
Alzheimers Disease



PARYylation across species in DNA Repair Disorders

Mice Worms Human cells
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* Increased PARYylation in DNA repair deficient disorders across species
* PARylation increases with age in the worm
* Lower Sirt1 expression across species




Decreased NAD*/NADH in XPA- Cells

NAD*/NADH

Fang et al, Cell, 2014
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Llnklng Nuclear DNA Damage to Mitochondrial Dysfunction
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Mammalian DNA Repair
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NUCLEAR DNA damage and mitochondrial dysfunction:
EXTERNAL and INTERNAL signaling to mitochondria

PRESENT IN THE NUCLEUS PRESENT IN MITOCHONDRIA

XPA YES XPA NO
CSB/CSA YES CSB/CSA YES
ATM YES ATM ??
DNA POL YES DNA POLB YES

WRN YES WRN NO



Cockayne syndrome

- Accelerated aging disorder
- Rare autosomal recessive disease
« Clinical manifestations:
- Neurodegeneration
- Ataxia, sensorineural hearing loss, retinitis
pigmentosum, seizures, muscle weakness,
CNS lactic acidosis, cataracts,
dental caries
- Cerebellar atrophy and calcification
- Cachectic dwarfism
- Photosensitivity, but no cancer
« Mutation in CSB, 80%, and CSA, 20%
« CSA and CSB have similar phenotypes
- Important to find convergences of CSA & CSB
- Transcription coupled NER, transcription, rDNA,
mitochondrial dysfunction

Scheibye-Knudsen et al., PNAS 2016,
Karikkineth et al 2016; Okur et al., 2019,
Lee, J-H. etal,. 2019

Cold extremities

*Abnormal brain imaging (85)
Weakness

Hearing loss

Clinical photosensitivity
Tremor

Joint contractures

Abnormal liver function (71)
Abnormal bowel movements
Gastro-oesophageal reflux
Progressive loss of body fat
Scoliosis

Cataracts

Photophobia

Postnatal feeding difficulties
Tooth decay

Thinning hair

Requires NG/PEG feeding
Retinal dystrophy

Skin hyperpigmentation
Muscle spasms

*Abnormal antenatal US (87)
Seizures

Respiratory disease
Hypertension (67)

*Blood glucose abnormal (47)
*Abnormal renal US (37)
Thyroid dysfunction

*Abnormal echocardiogram (38)

100

[ Wilson et al.

[ Nance and Berry




CSA and CSB are linked to multiple biological functions

\ ¥ o

DNA repair
TC-NER, BER

Mitochondrial
abnormalities
Okur et al. Aging Cell, 2020

Scheibye-Knudsen et al. J Exp Med, 2012

~
"

rRNA synthesis

Okur et al. Nucleic Acid Research, 2020

Chromatin Remodeling

Fousteri et al. Mol Cell. 2006

Transcription

Epanchintsev et al. Mol Cell. 2017



Cross species mitochondrial phenotype in Cockaynes syndrome
Restoration with NR
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Okur et al., Aging Cell 2020



Transcriptomic analysis in CS patient postmortem brain tissue

Signaling pathways (z-socre)

CS vs Control (Human)
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Okur et al, Aging Cell 2020



NAD* Levels Are Reduced in Cochlea of CSA & CSB Mice
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Short-term Treatment of CS Mice with Nicotinamide Riboside (NR)

Auditory Brainstem Response (ABR) is used to measure
hearing capacity in mice

NR treatment (10 days)

r 1

@ 5 weeks 6.5 weeks
CSBm/m t ‘

mice ABR ABR

Recording Recording
(4,8,16,and 32kHz) (4,8, 16, and 32 kHz)

80J\/\/\/\/\/~
70 N\~
VAV VA

CSB and CSA mice treated with 12 or 24 mM NR
in drinking water

Brain wave activity over time (ms)

ABR reveals hearing thresholds, which are the sound levels
below which the ear is unable to detect any sound.



NR Intervention Reduces ABR Thresholds in CSB Mice

Pre-NR treatment Post-NR treatment
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Okur, MN et al., NPJ Aging and Mech Dis., 2020



Conclusions

Cochlea CSA”"and CSB™M
(cross-section) hearing loss is prevented
by short term NAD+

NAD/NADH levels are
reduced in CS cochlea

Organ
of Corti

5 Y N

CSA™ and CSB™M mice

Outer hair cells

NAD binding- Ribeye

protein presentin
ears and eyes

NR prevents loss of
outer hair cells in

NR enhances synaptic connectivity CSBm/m mice.
of cochlear inner hair cells and afferent
neurons in both CSA” and CSB™™ mice

Convergence between CSA and CSB

Okur, MN et al., NPJ Aging and Mech Dis., 2020



NR enhances synaptic connectivity in the cochlea of CS mice
Inner hair cels
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Prevalence of Hearing Loss (%)
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Age-related hearing loss (ARHL) is the
most common disorder affecting elderly

Age-related Hearing Loss

populations, reaching up to 80% of

individuals over the age of 85.

12-19  20-29 30-39 4049 50-50  60-69
Age (Years)

Yamasoba et al., 2013 Hearing Research

70-79

280

Age related hearing loss
And
The hearing loss in Cockayne syndrome

Are both Sensorineural hearing loss



Clinical Intervention studies in Cockaynes and Werner syndromes

Werner syndrome
Chiba, Japan

Prospective, single-center, cross-over trial to verify safety and effectiveness of nicotinamide
riboside for patients with Werner syndrome

M. Koshizaka Y. Maezewa, K. Yokote
Single-center, placebo-controlled, randomized, double-blind, cross-over studies

15-30 patients

Cockayne syndrome
NIA

A. Karikkinith Chromadex



Alzheimer’s Disease

* Tau pathology
 Beta cascade
e \Vascular

 Transmission defects,
glutamate

« DNA damage
* Mitochondrial dysfunction

« Senescence (all brain cell
types)
 Protein misfolding

Alzheimer's
e =

' Neurofibrillary,

.+ tangles (.

LS. Cases of
Alzheimer's Disease

14

Milllon

4

Millien

2002 by 2050
5 Dizesap, L2003

Source: Salizics About /



DNA Damage and Repair in Alzheimer Disease

 Increased nuclear and mitochondrial DNA damage in
postmortem brains from AD and Mild Cognitive
Impairment (MCI) patlentS (Lowell and Markesbury)

AD > MCI > Control
* Increased oxidative stress in AD

« Dysregulation of DNA repair enzymes



Physiological levels of glutamate stimulate a DNA repair pathway

Yang et al., 2010
Yang et al., 2011

Cytoplasm



Repair of Endogenous DNA Damage
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Is BER a Disease Modifier for AD?
Polf3 gap-filling step is deficient in AD postmortem brains

l Base Excision (glycosylase)

AP

AP Site Incision,
APE1 binds, recruits

dRp
[

PARP-1

l Gap Filling and 5’-dRp Excision, POLf

l Ligation Also in mitochondrial

Wesimann NAR, 2007 extracts from AD brains
Canugovi, Neurobiol Aging, 2014




Alzheimers Disease, DNA repair and Intervention

(

\_

New Mouse
3xTg AD POLB™"*

Sykora et al. 2015
Masiak et al. 2017

Increased neuronal cell death
Decreased hippocampal volume
Deficient neurogenesis

Loss of synaptic plasticity
Memory loss

Metabolic alteration

Loss of olfaction

Increased neuroinflammation
Dysfunction of mitochondrial pathways
and stress signaling



Alzheimers Disease, DNA repair and Intervention

) .

New Mouse Increased neuronal cell death - Metabolic alteration
3xTg AD POLB'/+ Decrgased hlppocampal volume - Loss of olfactlon‘ .

Deficient neurogenesis « Increased neuroinflammation
Sykora et al. 2015 Loss of synaptic plasticity - Dysfunction of mitochondrial pathways
Masiak et al. 2017 ) Memory loss and stress signaling
NAD Supplementation | Reduced neuroinflammation « Improved memory and learning
Hou et al, 2018 Decreased p-tau « Improved DNA repair

Fang et al, 2019 Improved LTP + Increased mitophagy




Alzheimers Disease, DNA repair and Intervention

é N
New Mouse Increased neuronal cell death

3xTg AD POLB'/+ Decreased hippocampal volume
Deficient neurogenesis
Loss of synaptic plasticity

Metabolic alteration

Loss of olfaction

Increased neuroinflammation
Dysfunction of mitochondrial pathways

Sykora et al. 2015
Masiak et al. 2017

< ) Memory loss and stress signaling
NAD Supplementation | Reduced neuroinflammation « Improved memory and learning
Hou et al, 2018 Decreased p-tau « Improved DNA repair
Fang et al, 2019 Improved LTP - Increased mitophagy

Precision Medicine Decreased complex 1 function in hippocampal mitochondria and metabolic shift
Demarest et al. 2020 in females




NAD*/NADH ratio in brain is lower in AD mice and
increases after Nicotinamde Riboside (NR) treatment
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>
AD, AD/POIB | for 3 months TP IHC, WB etc.

(16-18 months)

Study Design [

Hou et al, PNAS 2018



NR Normalizes Synaptic Function, Memory
in Long-Term Potentiation (LTP) Assay

Recording

Stimulating 7 electrode
electrode '

LTP measured at the Schaffer
collateral synapses
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Intervention Study with NAD supplementation
in the 3xTgAD-PolB*- mouse

NAD+/NADH is normalized

NR improves learning & memory, and Long term potentiation
NR increases neurogenesis and decreases neuroinflammation
NR decreases tau phosphorylation

DNA damage decreased after NR treatment

Hou et al, PNAS 2018



DNA damage is decreased after NR treatment
in 3XTgAD and 3xTgAD/Pol3+/- mice
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Reduction of 8-0xoG and Mito ROS in
human AD fibroblasts
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Abnormal mitochondria in human AD brain

Mitochondria are critical for neuronal
development, neuroplasticity, and survival

Disrupted mitochondrial health and
neuronal metabolism are early features of
AD

Mitochondrial dysfunction precedes AP
and Tau pathologies. AB and Tau
pathologies exacerbate mitochondrial
dysfunction

Accumulation of damaged mitochondria
are evident in AD human brain samples,
possibly due to impaired mitophagy

Kerr et a., Gregi, Mattson, Bohr, Fang, Trends in Neurosciences, 2017 Baloyannis SJ, in book Neurodegenerative diseases

Mattson MP et al., Neuron, 2008
Mattson MP et al., Cell Metabolism, 2012



nature ARTICLES
neurOSCICnce https://dol.org /10.1038,/541593-018-0332-9
2019
. . g . . ALZ.ORG
Mitophagy inhibits amyloid-f and tau pathology T >
and reverses cognitive deficits in models of
. ' . Turning up mitophagy in Alzheimer disease

Alzheimer's disease :
EvandroF.Fang ©'%2* Yujun Hou'?, Konstantinos Palikaras®#'2, Bryan A. Adriaanse®, JesseS.Kerr', v

Beimeng Yang', Sofie Lautrup’, Md MahdiHasan-OliveZ, Domenica Caponio©2, XiuliDan’,
PaulaRocktdschel®, DeborahL.Croteau’, Mansour Akbari®, NigelH. Greig’, Tormod Fladby®?,
Hilde Nilsen?, M. Zameel Cader®, Mark P.Mattson™", Nektarios Tavernarakis3# and Vilhelm A.Bohr©¢*

Cross-species studies in Alzheimers disease (AD)

Mitophagy,

conserved mechanisms
And intervention

AD postmortem brain AD iPSCs AD worms AD mice



Mitochondrial dysfunction and defective
mitophagy in AD postmortem patient brain

mitochondrial parameters from EM images in postmortem human hippocampal tissues from

AD patients and age-matched healthy controls (n=7 individuals); representative set of EM

Mito. parameters
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Nematode studies
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Alzheimers worms

* Nematodes (c.elegans worms) are good models for AD (tau and
abeta have memory loss

— Screening for compounds that stimulate mitophagy

Quantification of Mitophagy in C. elegans
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Alzheimers worms

* Nematodes (c.elegans worms) are good models for AD (tau and
abeta have memory loss

— Screening for compounds that stimulate mitophagy

Urolithin A

Urolithin A is a metabolite compound resulting from the
transformation of ellagitannins by the gut bacteria.

Ellagitannins are reported

in angiospermes, and notably in
species in the order , such as
the

Fang, E., Hou, K. Palikaras, Tavernarakis, N. ....... Bohr VA

Nature Neuroscience 2019


https://en.wikipedia.org/wiki/Dicotyledon
https://en.wikipedia.org/wiki/Myrtales
https://en.wikipedia.org/wiki/Pomegranate
https://en.wikipedia.org/wiki/Ellagitannin#cite_note-4
https://en.wikipedia.org/wiki/Ellagitannin#cite_note-5

Alzheimers worms

* Nematodes (c.elegans worms) are good models for AD (tau and
abeta have memory loss

Mitophagy inducers, Urolithin A and Actinonin improve memory in AR
worms in a pathway dependent manner
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AD mice and IPSC cells

 Urolithin A (and NR and NMN) strongly improves learning
and memory in AD mice

 Urolithin A improves mitochondrial function in human
IPSC stem cells

Mitophagy stimulation as future potential
intervention in AD

Fang, E., Hou, K. Palikaras, Tavernarakis, N. ....... Bohr VA
Nature Neuroscience 2019



UA vs NR

Mice, cells, worms, flies
RNA seq, Nanostring, verification, Westerns, activity
Bioinformatics

Mitophagy and DNA repair pathway intersections



Microarray analysis of the hippocampus reveals
abnormal neuroinflammation in APP/PS1 AD mice
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* The most changed pathways are all immune-related pathways, from the most:
Immune response, chemokine activity, inflammatory response...

* The most changed genes are all microglia-related genes: Cst7, Clec7a, ltgax, Ccl3,

Ccle,...

Yujun Hou



NR treatment increased NAD+/NADH in WT and

APP/PS1 mouse brains
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NR decreases abnormally activated astrocytes and microglia, and
pro-inflammatory cytokines and chemokines
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NR decreases cellular senescence in AD mice brains

Hippocampus Cortex
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GAS STING signaling and cytoplasmic DNA
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NR lowers cellular senescence in AD mouse brain through cGas-Sting
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NR decreases cytosolic DNA in mouse brain and human fibroblasts
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Conclusions

NR treatment attenuates neuroinflammation through downregulation of
cGas Sting

NR treatment reduces cytosolic DNAs in AD mouse brain and human
AD fibroblasts

NR induces mitophagy in AD mouse brain

NR treatment normalizes cellular senescence in AD mouse brain

Hou et al, PNAS 2021
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