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Justin’s Questions

a) How Al, B2, G2 variants are differing in your
experiments? Are some more responsive to certain
mechanisms of treatment?

b) Is there a way to group variants together within each
subunit as responding to method # 1, 2, 3, or a
combination. Especially if this can be visualized in a chatrt.

c) Gain vs. loss of function relating to your experiments. Many
of us speak to Dr. Moller's team regularly and we are trained
to think in this terminology.

d) Is the expectation that single agents may modify the
disease or is the focus mostly on working toward
combinations? 2



 GABA, receptors and their clinical variants.

» Disease-causing mechanism of GABA, variants.

* Therapeutic strategies to correct the function of
pathogenic GABA, receptor variants.



Epilepsy-associated GABA, Variants
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GABA, Receptor Missense Variants in NIH ClinVar

GABA, Clinical Significance (ClinVar annotation)
subunits

Pathogenic Uncertain
(including (including

Benign

likely) conflicting)
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GABA, Receptor Variants in NIH ClinVar Database
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Pathogenicity Prediction of GABA, Missense Variants
Using Artificial Intelligence-based Algorithm

C

AlphaMissense

» based on Alpha-fold
structures and evolutionary
conservation.

Rhapsody
* based on known structures
and dynamic information.

Rhapsody Probability

Cys-loop
—

THHT—11

NTD M1 M2 M3 M4

1.0 1 Pearson’s r = 0.557

o
o

]
"

A .
at A
A “A A.
- N Lol
ad
p AL Sk
A Ao, AW
a g &%
i %a P Y2l
A Y WS wf At
an t a
- ’A‘uc.ﬂ Par o
A . ‘a 4 A k) ot S |
- A A + W - £, A
: sa AL g Wode, AT 4T aa R A5 Tl
" " Y A 42 a 4a .
F a M A An 9 . A8
g\ Ko Aumt “‘ ,, RETE £ A
2 o 4 ALt Al
’, ALon, Al PP ?A
ap ok TalATALL 0 M " 2
oy Mugs avadey S sanagh LA
A A A
T WP g s S
. w4 L YWY <. . A o
- TVL Y YO v U A | ,‘MA
0.4 - N L e iy W
- ‘ A48 A *“. A £
:)‘“-‘.‘A nr v A . at ﬂ' P
i * A “
b & .A( M P
- is g d 3 2 ‘aa A atp
- ¥ a4 A AR ABAlh e 8 Ad
¥ s LS Y T
¥ Sl % cad
L ¥ X S 4 AnA g & A
“f % '\‘.")‘:‘.\ o M %P i‘
AA ad T, 1 A 2 apta A
P LN “ A
02 - '..‘, uA‘k ; o A ‘p
2 LV YT vy i W Py
o .:‘*. L X = 4ia
ol YV TG 2
A .'AA 'Y Y .
L dd 2a A a
A A4
C VL
% R T T
)

A322D
/
- G251D

M263T

0.0 +— o0l &= x == =

0.2 0.4 0.6

AlphaMissense Score

0.0

Saturating mutagenesis prediction: any missense variant can be predicted.

Wang YJ, Vu GH, Mu TW (2023) Pathogenicity Prediction of GABA, Receptor Missense Variants. bioRxiv,

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.



Pathogenicity Prediction of GABA, Variants

Tutorial Using Artificial Intelligence-based Algorithm

« Step 1: Go to the following publication:
https://www.biorxiv.org/content/10.1101/2023.11.14.567135v1.full

« Step 2: Click “Supplementary Material:

MNew Results A Follow this preprint
' bioRyiv & medRyiv
Pathogenicity Prediction of GABA, Receptor Missense Variants L Click here to take the survey! "
Ya-Juan Wang, Giang H.Vu, °5 Ting-Wei Mu )
doi: https://doi.org/10.1101/2023.11.14.567135 G Previous Next €

This article is a preprint and has not been certified by peer review [what does this mean?].
ERIEDICRIC ENIEDIET
Download PDF = Email

Abstract Full Text Info/History Metrics [ Preview PDF [ Print/Save Options P Share
I Supplementary Materia @ Citation Tools

Posted November 16, 2023,

« Step 3: Download the Supplemental
Tables to your computer.
» Table S1 is for al subunit. o Wang, Giang Hve, © Ting: Wei M
> Table S2 is for p2 subunit.
» Table S3 is for 33 subunit. EIED C1 CER ERIE
» Table S4 is for y2 subunit.

Abstract Full Text Info/History Metrics Supplementary material

New Results

Pathogenicity Prediction of GABA, Receptor Missense Variants

« Supplemental Table §1 | &[supplements/567 135 _file03 alsx]

« Supplemental Table 52 | &&[supplements/567 135 _file04.xlsx]

Wang YJ, Vu GH, Mu TW (2023) Pathogenicity Prediction of " Spplemental Table 53 | fsupplements/567135_fiel.xds]
GABA, Receptor Missense Variants. bioRxiv, ]

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.

= Supplemental Table $4 | &[supplements/567 135 _file06.xlsx
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Pathogenicity Prediction of GABA, Variants

Using Artificial Intelligence-based Algorithm
Step 4: Open the table of your interest. Table S1, al subunit; S2, B2; S3, B3; S4, y2.

Supplemental Table 1. The alphal subunit of GABA athogenicity annotations and predications.
AlphaMizderze Rhapsady
Pratein
change AM score AM prediction RS prob. RS class Mame Condition(=] Clinical significance [Last reviewed)
RadH 03265 pathogenic 0.396 neutral MM_001276dd. 2(GABRAT): c. 25815 & [p. Arg3dt Inbarn genstic diseases|not provided Uncertain significance(last reviewed: Sep 1, 2023)
R345 09959 pathogenic 0.503 prob.delet. NM_OOT127644. 2(GABRAT: 2. 230 A (p. Arg3d: not pravided Uneertain significance(l ast reviewed: Dec 10, 2020)
WaTR 03333 pathogenic 0.885 deleterious MM_001Z27E4d. 2(GABRAT):c. 289T> 4 [p. Trp37F not pravided Ureertain significance(last review ed: Jul1, 2022)
033G 09358 pathogenic 0.746 deleterious MM_00127E4d, 2(GABRAT):c. 2364 G (p.Azp3T Idicpathic generalized epilepsulEpilepsy, idiopathic ge Uncertain significance(last reviewed: Feb 5, 2022)
Flo4L 0.3335 pathagenic 0.274 neutral MM_00M2764d. 2(GABRAT):c. 312T> G [p.Phe10< Epilepsy, childhood absence 4|Epilepsy, idiopathic ge Uncertain significance(Last reviewed: Aug 25, 2021
M0 01763 benign 0.025 reutral MM_OOM27Edd, 2(GABRAT: ¢, 3228 5 (p.Met10i Idicp athic generalized epilepsulEpilepsy, idicpathic ge Benign(Last reviewed: Feb 3, 2022)
T1091 0.2233 benign 018 neutral MM_001127644. 2(GABRAT: ¢, 326C: T [p. Thrl03 |dicpathic generalized epilepsulEpilepsy, childhood ak Uncertain significancell ast reviewed: Sep 24, 2021)
L111P 09391 pathogenic 0.833 deleterious MM_O0TZVEdd. 2(GABRAT):c. 332T: C (p Leu1Ml Idicp athic generalized epilepzylEpilepzy, idiopathic ge Uncertain significance (L ast reviewad: Jul 25, 2022)
RTZL 0.8651 pathogenic 0.237 reutral MM_00112 7644, 2(GABRAT: 2. 3355 T (p.Arg112 Epilepsy, idiopathic generalized, susceptibility ta, 13|Ef Uncertain significancell ast reviewed: Aug 21, 2022)
R1z20 04373 ambiguous 0.5M prob.delet. NM_O00MZ7644. 2(GABRAT):c. 3356 4 [p.Arg1le Inborn genetic diseases|Epilepsy, idiopathic generaliz Conflicting interpretations of pathogenicitu(Last reviewed: Dec 1, 2022)
112w 0.857 pathogenic 0.405 ruutral MM_001127E4d. 2(GABRAT: 2. 33405 T (p Arg 12 Idiopathic generalized epilepzulEpilepsy, childhaod ak Conflicting interpretations of pathagenicity(L ast reviewsd: Maw 10, 2023)
L113F 0.333 pathogenic 0.342 rueutral MM_001127644. 2(GABRAT: . 33345 T [p.Lewl13 Inborn genetic diseases Unzertain significance(l ast review ed: Mar 14, 2017)
P124L 09382 pathogenic 0.767 deleterious MM_O00MZ7Edd. 2(GAERAT):c. 37IC:T [p.Pral2dl Epilepsy, idiopathic generalized, susceptibility ta, 13 Likely pathogeniclLast reviewed: Mar 22, 2023)
025G 09331 pathogenic 0.57 deleteriows MM_00MZTEdd, 2(GABRAT: c. 37442 G (p.Asp12! Idicpathic generalized epilepsylEpilepsy, idiopathic ge Uncertain significance(last review ed: Aug 27, 2021)
F12v 0.368 pathogenic 0.532 deleterious MM_001Z27E4d. 2(GABRAT).c. 37315 [p.Phel2 Epilepsy, idiopathic generalized, susceptibility to, 13|Ef Uncerain significance(Last review ed: Jun 5, 2022)
Hi123v 0.2507 benign 0.354 ruutral MM_001127Edd. 2IGAERAT: 2. 335C: T [p. His123 Idiopathic generalized spilepzulEpilepsy, childhood ak Uncertain significance(last reviewed: Aug 3, 2022)
A1365 03673 ambiguous 0.514 prob.delet. MM_O0TZ2TE44. 2(GABRAT): ¢ 406G T [p.Ala136 Developmental and epileptic encephalopathy, 13 Uncertain significance(l ast reviewed: Feb 14 2020)
[M141R 03022 pathogenic 0.134 neutral MM_0011276dd. 2(GRABRAT): 2. 422T> G [p. Met141 Epilepsy, childhaod absernce d4|ldiopathic generalized BenignlLast reviewed: Mar 5, 20271)
K144E 0,993 pathogenic 0.487 prob.delet. NM_O0T127644. 2(GABRAT: 2. 4304 5 (p.Lys1de Epilepsy, idicpathic generalized, susceptibility ta, 13/ld Uncertain significance(l ast reviewed: Feb 10, 2022]
R147G 0.933 pathogenic 0.707 deleterious MM_O001Z27E4d. 2(GABRAT): 0. 4330 5 (pobArgld) Idicpathic generalized epilepsylEpilepsy, idiopathic ge Uncertain significance(Last review ed: May B, 2022]
F470 03003 pathogenic 0.853 deleterious MM_O0T27Edd, 2(GABRAT: c. 4405 A (p.Arg1dy Developmental and epileptic encephalopathy, 190 ldiop Conflicting interpretations of pathogenicity(Last reviewed: Jun 13, 2023)
R 7w 030558 pathogenic 0.776 deleterious MM_O00M127644. 2(GAERAT:c.433C T [p Arg1dT Epilepsy, childhood absence 4|ldiopathic generalized Conflicting interpretations of pathogenicity[Last reviewed: Jan 5, 2023]
N4aF 09493 pathogenic 0.522 prob.delet. NM_O0M27E4d. 2(GAERAT:c. 4428 T [pl2148F not zpecified Urertain significance(Last reviewed: Mar 4, 2015)
G1525 03883 pathogenic 0.815 deleterious MM_00T27644. 2(GABRAT:c. 4545 A (p. Glw1SE nat pravided Uncertain significance(last reviewed: Jan 17, 2022)
153! 0.939 pathogenic 0.4558 prob.meutra MM_001127E4d. 2(GABRAT): o 4 745 & (p Mer1SE Epilepsy, childhood absence d|ldiopathic generalized Uncerain significance(Last reviewed: Dot 3, 2022)
MISEY 0.7812 pathogenic 0.418 neutral MM_00112 7644, 2(GAERAT: c. 4728 G (p.Met15E not specified Uncertain significance(last reviewed: Aug 15, 2023)
F153T 0.3335 pathagenic 0.506 prob.delet. MM_00127644. 2(GABRAT):.c. 4 TEG> C (p. Arg15s not provided Uneertain significance(last reviewed: Jan 24, 2020)
TIEK 09373 pathogenic 0.836 deleterious NM_O0T27E4d. 2(GABRAT: 2. 43205 A (p. ThelE1 not pravided Urzertain significance(last review=d: May 16, 2022)
WIBZG 0.3713 pathogenic 0.1 meutral MM_001127644. 2(GABRAT): . 485T> G [p.\al162 Epilepsy, idiopathic generalized, susceptibility ta, 13]ld Uncertain significance(last reviewed: Dec 13, 2021)
WEZM 0.7582 pathagenic 0.391 neutral MM_00M27Edd. 2(GABRAT): c. 48345 & (p W allBZ not pravided Ureertain significance(last reviewed: Jan 14, 2015)
FE3k 01615 benign 0.236 reutral MM_00112 7644, 2(GABRAT: 2. 43585 A (p.Arg 167 not pravided Uncertain significance(last reviewed: Sep B, 2019)
CI66W 03336 pathogenic 0.715 deleterious NM_00MZ2TE4d. 2(GABRAT):c.4358T> G [p.Cus16E Epilepsy, childhood absence d|ldiopathic generalized Uncenain significance(Last reviewed: Aug 30, 2021
PIETS 0.6544 pathogenic 0.69 deleterious MM_00T1276d4. 2(GAERAT): . 43305 T (p.Pral8T not provided Urertain significance(last reviewed: Jun 1, 2015)
H1780 0.3515 pathogenic 0.532 deleterious MM_O00TZ27E44. 2(GABRAT:.c.534T: 5 (p.His178 |diopathic generalized epilepsylEpilepsy, idiopathic ge Uncertain significancellast reviewed: Sep 1, 2021
G1asy 03957 pathogenic 0.565 deleterious NMM_O0TZ27E4d. 2(GAERAT: 55455 T (p.Glu185 Epilepsy. childhood absence 4|ldiopathic generalized Uncertain significance(last reviewed: Aug 14, 2021]
Y1870 0.965 pathogenic 0.705 deleterious MM_O0T127644. 2(GABRAT: 2. 5604 5 (p. Tur 8T Epilepsy, idicpathic generalized, susceptibility ta, 13/ld Uncertain significancell ast reviewed: Apr 23, 2022]
Y1870 03836 pathagenic 0.631 deleterious MM_00MZ27E4d. 2(GABRAT:c.559T> G (p. TwrlST Epilepsy, idiopathic generalized, susceptibility to, 13 PathogeniclLast reviewed: Mayd, 2022)
Y18TF 0.444E ambiguous 0.52 prob.delet. MM_00T1Z27Edd, Z2(GAERAT: c. SE0A&: T (p. TurlS 7] Epilepsy, idiopathic generalized, suzceptibility ta, 131E; Uncertain significance(L ast review ed: Aug 31, 2021
Al550 0.3385 pathagenic 0.532 deleterious MM_O00127644. 2(GAERAT):c. 563C & [p. Ala188 [diopathic generalized epilepsylEpilepsy, idiopathic ge Likely pathogenic(Last reviewed: Apr2d, 2022)
Wang YJ, Vu GH, Mu TW (2023) Pathogenicity Prediction of GABA, Receptor Missense Variants. bioRxiv, 9

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.



Protein Quality Control of GABA, Receptors
In the Endoplasmic Reticulum

al, B2, or y2 subunit
Endoplasmic :;
Retlculum
C Folding '9

Cytoplasm &
ERAD

‘ Misfolding /
T~

Assembly

@ Lysosome
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Wang YJ, Di XJ, Mu TW. J Biol Chem. 2022;298(10):102423.



Classification of GABA, Variants According to
Molecular Functions

ss || Class I: Proteostasis
defect.

Folding, assembly,
degradation, aggregation,
trafficking, endocytosis.

Class II:
Electrophysiology defect.
Ligand binding, channel

gating, current kinetics.

Class lll: Nonsense and
frameshift.

Class IV: Others
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Epilepsy-associated GABA, receptor a1l variants
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All selected a1 variations cause
loss of function of GABA, receptors
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Patch-clamp recording was carried out in HEK293T cells using Fluxion Mercury 16 autopatch instrument



Most selected ol variations reduce their trafficking
to the cell surface
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Wang YJ, Seibert H, Ahn LY, Schaffer AE, Mu TW. Pharmacological chaperones restore proteostasis of epilepsy-
associated GABA, receptor variants. bioRxiv 2023. doi: 10.1101/2023.04.18.537383. PMID: 37131660. 14



Epilepsy-Associated GABA, variants are Subject
to ER-Associated Degradation

Total Cell surface M
receptors receptors erge

WT
alB2y2

Cytosol
A322D al(A322D)B2y2
al subunit

A missense mutation (A322D) in TM3 region of a1l subunit causes misfolding and

degradation of the al subunits, leading to an autosomal dominant form of juvenile
myoclonic epilepsy (ADJME).

Cossette P et al, Nature Genetics. 2002; 31(2):184. Di XJ, ... Mu TW. Chem Biol. 2013, 20, 1456.



A Pharmacological Chaperoning Strategy to
Correct GABA, Variant Function

Proteostasis Pharmacological
Regulators chaperones

ER * Misfolding-prone
N A N-linked glycan
| 7 o Trafficking to
Cytoplasm g Proteasome asma membrane

« Proteostasis regulators: folding enhancers.

« Pharmacological chaperones: receptors-specific.
» Direct GABA, receptor binders.

Di XJ, ... Mu TW. Chem Biol. 2013, 20, 1456. Han DY, ... Mu TW. ACS Chem Biol. 2015, 10, 2135.
Di XJ, ... Mu TW. Cell Chem Biol, 2021, 28, 46. Wang M, ... Mu TW. Cell Biosci 2022, 12, 48..
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Pharmacological Chaperone Strategy to
Restore GABA, function

Pharmacological
chaperones

t R\ ez . .
ER QV @ N8 * Misfolding-prone

N Idi %' Assembl
C Folding 7 y A N-linked glycan

Trafficking to
plasma membrane

Cytoplasm @ Proteasome

Pharmacological chaperones directly bind GABA, receptors to stabilize
them, and thus promote their forward trafficking.
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Screening of GABA, Regulators Identified
Effective Pharmacological Chaperones
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Hispidulin and TPOO3 Increase the protein
levels of pathogenic GABA, variants
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Hispidulin and TPO0O3 Enhance the Functional
Surface levels of pathogenic GABA, variants
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Hispidulin and TPO03 Enhance the Surface Staining of
pathogenic GABA, variants in IPSC-derived Neurons
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Proteostasis Regulator Strategy to Restore
GABA, function

Proteostasis
Regulators
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EJ&
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Cytoplasm g Proteasome ,asma membrane

» Activators of the unfolded protein response (UPR)
» Ca?* channel regulators, such as verapamil.
» FDA-approved drugs, such as dinoprost and dihydroergocristine.

Di XJ, ... Mu TW. Chem Biol. 2013, 20, 1456. Han DY, ... Mu TW. ACS Chem Biol. 2015, 10, 2135.
Di XJ, ... Mu TW. Cell Chem Biol, 2021, 28, 46. Wang M, ... Mu TW. Cell Biosci 2022, 12, 48..
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High-throughput Screening to
ldentify Proteostasis Regulators
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Screening ldentified Effective Proteostasis Regulators
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DNP and DHEC Increase the Peak Current of
Mutant Receptors
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Summary

* Reduced surface trafficking and loss of function of GABA,
receptors is a major disease-causing mechanism for
GABA, variants.

* Restoring proteostasis pharmacologically corrects the
surface expression and function of pathogenic GABA,
receptors, representing a promising therapeutic strategy to
treat GABA, variant-related genetic epilepsy.

« Several lead compounds, such as hispidulin and
dihydroergocristine, were identified as effective regents to
correct the function of GABA, variants. Their further
development is needed for translational application.
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