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a) How A1, 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 chart.

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?

Justin’s Questions
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• GABAA receptors and their clinical variants.

• Disease-causing mechanism of GABAA variants.

• Therapeutic strategies to correct the function of 

pathogenic GABAA receptor variants.
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Epilepsy-associated GABAA Variants

https://www.ncbi.nlm.nih.gov/clinvar/ https://sites.google.com/view/mu-lab/cure-gaba-a-diseases
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GABAA Receptor Missense Variants in NIH ClinVar

GABAA

subunits

Clinical Significance (ClinVar annotation)

Pathogenic 

(including 

likely)

Uncertain 

(including 

conflicting)

Benign

1 48 168 16

2 39 141 34

3 52 162 18

2 26 173 12

https://www.ncbi.nlm.nih.gov/clinvar/ https://sites.google.com/view/mu-lab/cure-gaba-a-diseases5



GABAA Receptor Variants in NIH ClinVar Database

Red: pathogenic;

Yellow: uncertain;

Green: benign.
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Pathogenicity Prediction of GABAA Missense Variants

Using Artificial Intelligence-based Algorithm

• AlphaMissense

• based on Alpha-fold 

structures and evolutionary 

conservation.

• Rhapsody

• based on known structures 

and dynamic information.

Saturating mutagenesis prediction: any missense variant can be predicted.

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

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.

7



Pathogenicity Prediction of GABAA Variants

Using Artificial Intelligence-based Algorithm

Wang YJ, Vu GH, Mu TW (2023) Pathogenicity Prediction of 

GABAA Receptor Missense Variants. bioRxiv, 

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.

Tutorial

• Step 1: Go to the following publication: 

https://www.biorxiv.org/content/10.1101/2023.11.14.567135v1.full

• Step 2: Click “Supplementary Material:

• Step 3: Download the Supplemental 

Tables to your computer. 

➢ Table S1 is for 1 subunit.

➢ Table S2 is for 2 subunit.

➢ Table S3 is for 3 subunit.

➢ Table S4 is for 2 subunit.
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Pathogenicity Prediction of GABAA Variants

Using Artificial Intelligence-based Algorithm

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

DOI: 10.1101/2023.11.14.567135. PMID: 38014242.

Tutorial

• Step 4: Open the table of your interest:  Table S1, 1 subunit; S2, 2; S3, 3; S4, 2.
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Protein Quality Control of GABAA Receptors

in the Endoplasmic Reticulum

Wang YJ, Di XJ, Mu TW. J Biol Chem. 2022;298(10):102423.
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Classification of GABAA Variants According to 

Molecular Functions

Class I

Class I

Class I

Class I

Class II

Class 

III

Class I

Class I: Proteostasis 

defect.

   Folding, assembly, 

degradation, aggregation, 

trafficking, endocytosis.

Class II: 

Electrophysiology defect.

   Ligand binding, channel 

gating, current kinetics.

Class III: Nonsense and 

frameshift.

Class IV: Others

Created with BioRender.com
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Epilepsy-associated GABAA receptor 1 variants
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All selected 1 variations cause 

loss of function of GABAA receptors

Patch-clamp recording was carried out in HEK293T cells using Fluxion Mercury 16 autopatch instrument
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Most selected 1 variations reduce their trafficking 

to the cell surface

Wang YJ, Seibert H, Ahn LY, Schaffer AE, Mu TW. Pharmacological chaperones restore proteostasis of epilepsy-

associated GABAA receptor variants. bioRxiv 2023. doi: 10.1101/2023.04.18.537383. PMID: 37131660. 14



Epilepsy-Associated GABAA variants are Subject 

to ER-Associated Degradation

WT

122

Cell surface

receptors

Total

receptors Merge

1(A322D)22

A missense mutation (A322D) in TM3 region of 1 subunit causes misfolding and 

degradation of the 1 subunits, leading to an autosomal dominant form of juvenile 

myoclonic epilepsy (ADJME).

A322D

1 subunit

ER

Cytosol

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

Cytoplasm
ERAD

Folding

Proteasome
Trafficking to 

plasma membrane

Assembly






2

N C

Misfolding-prone

N-linked glycan

Proteostasis

Regulators 

Pharmacological

chaperones

A Pharmacological Chaperoning Strategy to 

Correct GABAA Variant Function

• Proteostasis regulators: folding enhancers.

• Pharmacological chaperones: receptors-specific.

➢ Direct GABAA 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.. 16



Pharmacological Chaperone Strategy to 

Restore GABAA function

ER

Cytoplasm
ERAD

Folding

Proteasome
Trafficking to 

plasma membrane

Assembly






2

N C

Misfolding-prone

N-linked glycan

Pharmacological

chaperones

Pharmacological chaperones directly bind GABAA receptors to stabilize 

them, and thus promote their forward trafficking. 
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Screening of GABAA Regulators Identified 

Effective Pharmacological Chaperones
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Hispidulin and TP003 Increase the protein 

levels of pathogenic GABAA variants
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Hispidulin and TP003 Enhance the Functional 

Surface levels of pathogenic GABAA variants

Surface Biotinylation Assay Patch-Clamping Electrophysiology

Wang YJ, Seibert H, Ahn LY, Schaffer AE, Mu TW. Pharmacological chaperones restore proteostasis of epilepsy-associated 

GABAA receptor variants. bioRxiv, 2023, doi: https://doi.org/10.1101/2023.04.18.537383. PMID: 37131660 20



Hispidulin and TP003 Enhance the Surface Staining of 

pathogenic GABAA variants in iPSC-derived Neurons
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Proteostasis Regulator Strategy to Restore 

GABAA function

➢ Activators of the unfolded protein response (UPR)

➢ Ca2+ 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.. 22



Expressed in
• HEK cells…

High-throughput Screening to 

Identify Proteostasis Regulators

FDA-approved drug 

library screening

GABAAR

Chemiluminescence 

Assay to quantify 

GABAAR total 

expression level
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Screening Identified Effective Proteostasis Regulators

• DNP and DHEC cross the blood-brain 

barrier.

• DNP is prescribed to induce labor.

• DHEC is used to reduce blood pressure 

and treat dementia.

Di XJ, … Mu TW. Cell Chem Biol, 2021, 28, 46. 
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DNP and DHEC Increase the Peak Current of  

Mutant Receptors

Dr. Angelo Keramidas at Queensland Di XJ, … Mu TW. Cell Chem Biol, 2021, 28, 46. 
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• Reduced surface trafficking and loss of function of GABAA 

receptors is a major disease-causing mechanism for 

GABAA variants.

• Restoring proteostasis pharmacologically corrects the 

surface expression and function of pathogenic GABAA 

receptors, representing a promising therapeutic strategy to 

treat GABAA variant-related genetic epilepsy.

• Several lead compounds, such as hispidulin and 

dihydroergocristine, were identified as effective regents to 

correct the function of GABAA variants. Their further 

development is needed for translational application. 

Summary
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