| RRK?2 activation as a common mechanism of environme

FPR— toxicant-induced Parkinson’sdis

= -
., '
UPFMC
L I'.
| i i
g
{ - - R .
i { i 1l
1 :i I!':lluE
i i = - r A=
e | FheiE A £ —— o TR b e T 4 gy = = [ e _‘? h
! E : :‘I!:Egl E- -':- " ) = 'F“"'-'l"'" i - "'“'.ff" ;!ri il ~ 3\_-_4
e I.*',i:' g st o e
(A ] o '
-|" | Jd% i ._l o :
E Hiits o £ :
= MR | Tl Ty b, 4 '*.."
i '“—IHH‘[H'IL T nh-._:l _ Ty | Hr'.hli i - " g - ' - e
1 S SR T !
H'I-ll.'h'\"-ll-l-"'l""'"“' > ::Ir: 2
il!in.._ M ‘ y :1: —— s

-
(=

z -i._._w- 3 :_ ' Lo — it (I TR :I‘:_#

: T T
s
- f ;;ﬁ.‘.‘.-.;ﬂ! . _'.k"--. -"

[ A% LD TP At T AT = R -

-
bl e T -'_-_g-_.
- L 2= -

-
=

R — . L
5 b n
-

-
e
i
= - il -
- T
T :
= sy
i e « =f
- =
= -
- = r
- = = -
—
i =
.-"..-—a- } T
-
- —
-
™
— R
B
- — P e
- i 11




The people who did the work

h.
4
:
i

JTGH Lab 10/2018



GENE x ENVIRONMENT

DJ-1

PINK1

Parkin —{
DNAJC—{

RARE COMMON RARE




PARKS: LRRK?2

 The most common cause of autosomal dominant PD — May account for
10% of AD PD and ~3% of sporadic PD

 LRRK?2 Is a kinase - substrates still being defined and verified (Rabs 8 & 10)

 More than 40 point mutations have been identified — At least 6 are clearly
pathogenic - generally associated with increased kinase activity

 The Gly2019Ser mutation Is the most prevalent and Is present in 30-40% of
PD patients (familial & sporadic) in North African populations & in 13% of
Ashkenazi Jews

e Incomplete penetrance

* Role of LRRKZ2 In idiopathic PD has been unclear
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Assessment of LRRK?2 in IPD

e Growing consensus that S1292 phosphorylation correlates
with activity. “...Ser(P)-1292 LRRK?2 may be an effective
biomarker surrogate for LRRK2 kinase activity"

e 14-3-3 may bind to the inactive form of LRRK?2 - and 14-3-3
overexpression decreases kinase activity while 14-3-3
dissociation promotes kinase activity

e Can we take advantage of these properties?

Pittsburgh Institute for
Neurodegenerative Diseases




Assessment of LRRK?2 in IPD

A multiplex PL assay to assess:

e 51292 phosphorylation state: Amplification allows
low Ab concentration (less n.s. binding) and PL

eliminates signal from “off-target” Ab binding

e 14-3-3 binding to LRRK2: Allows assessment of
endogenous protein:protein interactions in situ

e Validation in CRISPR/Cas9-edited LRRK?27- and
LRRK262019S/62019S CE”S

Pittsburgh Institute for
Neurodegenerative Diseases




Assessment of LRRK2 in IPD

DAPI PL pS1292-LRRK2 pThr73-Rab10 Merge

=

HEK wildtype

Di Maio et al, Sci Transl Med, 2018
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Assessment of LRRK2 in IPD

pS1292:LRRK2 phospho-Rab10 merge
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Human pOStmOFtem brain Di Maio et al, Sci Transl Med, 2018



Assessment of LRRK2 in IPD

pS1292:LRRK2 phospho-Rab10 merge
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Human pOStmOrtem brain Di Maio et al, Sci Transl Med, 2018
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Assessment of LRRK2 In IPD

S1292:LRRK2 phospho-Rab10 merge
- b . p81292 p< 0.0002
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Human pOStmOrtem brain Di Maio et al, Sci Transl Med, 2018
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Rotenone

e Classical high-affinity inhibitor of complex | of the
mitochondrial electron transport chain

e A natural product - from several plant species

« Common pesticide; the “organic” (natural) alternative
to synthetic pesticides

e Used to sample fish populations In reservoirs & Kill
nuisance fish in lakes

e Highly lipophilic; crosses biological membranes easily
& Independent of transporters

i Pittsburgh Institute for
Neurodegenera tive Diseases




FAME Study: PD in Agricultural

Health Stlldy Tanner, Kamel et al

' Rotenone P [Nncreased Risk of PD: ]l

All OR = 2.3 (95% C.1.: 1.2, 4.3) '
Men OR = 2.8 (95% C.l.: 1.4, 5.8)

| Model adjusted for age, gender, state, ever smoking, ever pesticide use

« 7.1 > Plant derivative Crop insecticide Fish poison s
i N (mid-1800’s - present) (ancient) e
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Rotenone
Garden Dust

Home gardening Pest Control

Tanner et al, Environ Health Perspect, 201 |



Assessment of LRRK?2 in IPD

TH PL pS1292:LRRK2 Merge TH PL 14-3-3:LRRK2 Merge

Vehicle

The rotenone model

Pittsburgh Institute for
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Assessment of LRRK?2 in IPD

PL pS1292:LRRK2 Merge PL 14-3-3:LRRK2 Merge

Vehicle

Rotenone

The rotenone model
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Redox activation of LRRK2?
Effects of H,0O,
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Assessment of LRRK?2 in IPD

Preliminary conclusions:

 LRRK?2 Is activated In nigrostriatal neurons in
brains of people with IPD

e This Is replicated Iin the rotenone rat model of
environmental exposure

e a-Synuclein overexpression also activates LRRK?2
IN nigrostriatal neurons

 LRRK2 appears to be redox-activated (common to
both mitochondrial defects and a-synuclein

overexpression)
y L/
%"' PIND

Pittsburgh Institute for
Neurodegenerative Diseases







‘-_—_" ] T g _._ e
e et LT
"'.t: e

Factories and military sites |

THRIE

’ ...' ',I' ||.;|” i
|| i h

.| . f
'_.' I‘Tr”
v T
llf'r !

gl w‘u i

i i . , - 1 i
- L e | a v 11K e ] i
. y e . e L * a1 % - it L " ¥ L T 1
3 o LT iy Toned ity
i . o . o T _ o N I 'TL. - a1
- = e i B el - - d
LY H & s =1 i I = s
| % L . T 41 "
w1 ;. -t | BRAAL RN REE Lh LI ¥ : " | T il If Ir1 r|| )
W ok = it S et i i i ey Sea P ! | ¥ i
— I ] = . f o LD s i b o 7
e - y i 3 ' R E - g i — i3
o - | . ¥ i I ¥ — | im¥ R = -
e T E L P R T iea, i |
L e i 3 d x . L L .
5 4 el | I
. ¥ "
L 1 =
. e |
e 5 - e w il ¥a 1 -
L i by

W g
ilﬁl'illlF

TCE can be released into the air, water, and soil at places where it is produced or used.
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TCE

TABLE 3: Solvent Exposure Frequencies and Adjusted Pairwise Odds Ratios in PD-Discordant Twins, n = 99

Pairs®

Solvent Case / Case "/ Case / Case '/ Ever/Never P

Control ™ Control ™ Control Control " Exposed,
OR (95% CI)

Toluene 72 11 9 7 1.3 (0.5-3.3) >0.2
Xylene 88 6 2 3 2.2 (0.4-12) >0.2
n-Hexane 85 6 7 1 1.3 (0.4—4.1) >0.2
CCly 74 14 9 2 2.3 (0.9-6.1) 0.088
PERC 93 5 1 0 10.5 (0.97-113) 0.053
TCE 87 9 2 1 6.1 (1.2-33) 0.034
TCE or PERC 85 11 2 8.9 (1.7-47) 0.010
Any of 6 solvents 51 19 14 15 1.7 (0.8-3.7) 0.16
Any of 4 excluding 53 18 15 13 1.5 (0.7-3.1) >0.2
TCE and PERC

“Ever exposure, adjusted for respondent type and smoking.

CCly = carbon tetrachloride; CI = confidence interval; OR = odds ratio; PD = Parkinson disease; PERC = perchloroethylene
(tetrachloroethylene); TCE = trichloroethylene.

Pittsburgh Institute for
Nleurodggenerétive Diseases Goldman et al, Annals Neurol, 2011




Timecourse of toxicant induced ROS in N27-A (h-aSyn) cells

' Time post treatment

2 hours 8 hours 24 hours

Low ROS

High ROS
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Timecourse of toxicant induced LRRK2 activity in N27-A (h-aSyn) cells

Rotenone (500 nM)
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Modeling TCE exposure In VIvo o

REQUIREMENTS:

1. Produce mitochondrial dysfunction —> oxidative stress
2. Recapitulate Parkinsonian nigrostriatal pathology

3. Limited off-target toxicity

4. Relevant human dose

PIND

| Pittsburgh Institute for
I Neurodegenera tive Diseases
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p < 0.0001
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TCE exposure induces LRRK2 In dopaminergic neurons
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Role of LRRK?2 in endolysosomal function in PD

1. Use compartment-selective markers to define status of
endolysosomal function in human SNc neurons In IPD

2. Determine the extent to which this Is replicated In the
rotenone model of PD

3. Assess whether LRRK2 kinase inhibition ameliorates
Impaired endolysosomal function and protects SNc
neurons
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Early Endosomes in IPD
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Early Endosomes in the Rotenone Model

Rab5

Merge

Vehicle

Rab 5 puncta

0:’ =
o -

Acut Endpoint
= 3 2000 e v
D ey . .
2 + S 1500- T Be
O - Y=y ———
e —_— kS _"_
3 S 8 10001 o
) § 2 500 - - <4
o oz .
c + = ] —— l
O Ty]
c g 0 T T - T T
() < < (7 <

o & & ™

= 3 O\' 3 0\'
= & &
Q.
£e]
=
Ll

Yo,
a Pittsburgh Institute for
Neurodegenerative Diseases

Emily Rocha et al, unpublished




.
|
II
o

(]
(]

(]
.

m
[

- ()
> iBlE e
(7))
: =
N *
o X b
S - — a = —
s o (@) o
A i e 5 M g
s HT B =~ HE B
et o -l (@]
© & &)
an -
= o o o o o = o o o
o o o o o o o
< ™ N - To) o wn

uoinau aAnIsod-H 1
| eyund +3d9N / +LdweT

uoinau aAnIsod-H 1
| eyound -y4d49IN / +1dwe

N |

Late Endosomes & Lysosomes

Neurodegenerative Diseases

Pittsburgh Institute for

L/

& PIND

_ob_.._oo. |

Y%

Emily Rocha et al, unpublished



Late Endosomes & Lysosomes In the Rotenone Model
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Role of LRRK2 in endolysosomal function in PD

In 1IPD:
o Accumulation of early endosomes

e Depletion of late endosomes & lysosomes (& Cathepsin D)
e Loss of GCase activity and protein levels

* All of these findings are reproduced In the rotenone model

Does LRRK?2 kinase Iinhibition ameliorate impaired

endolysosomal function and/or protect SNc neurons of rats
treated to rotenone endpoint?

PIND
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Effects of LRRK2 Inhibition: Target
engagement

A Vehicle Rotenone PF-360 PF-360+Rotenone
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Early Endosomes: Effects of LRRK?2 Innhibition
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Late Endosomes & Lysosomes: Effects of LRRK2 Inhibition
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Autophagosomes: Effects of LRRK2 Inhibition
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alpha-Synuclein: Effects of LRRK2 Inhibition
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SNC cell loss: Effects of LRRKZ2 Inhibition
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LRRK2 Therapeutics in IPD

Implications:

 LRRK2 plays a central role In IPD, at least In
part, by modulating endolysosomal function

e Rather than targeting only the 2-3% of PD
patients with LRRK?2 mutations, LRRK?2
therapeutics may be useful for individuals with
IPD, Independent of mutations
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Parkinson’s disease:
At the Intersection of genes & environment

Conclusions:

* Genes implicated in PD (e.g., a-synuclein & LRRK?2)
strongly influence the neurotoxicity of environmental
toxicants (e.g., rotenone, TCE).

 PD-relevant environmental toxicants (e.g., rotenone, TCE)
can “activate” gene products implicated in PD (e.g., pS129-
a-synuclein and LRRK2).
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