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ARTICLE

Functional characterization of 2,832 JAG1 variants
supports reclassification for Alagille syndrome and
improves guidance for clinical variant interpretation

Melissa A. Gilbert,1.2:3* Ernest Keefer-Jacques,! Tanaya Jadhav,! Daniel Antfolk,> Qiangian Ming,>
Nicolette Valente,! Grace Tzun-Wen Shaw,! Christopher ]J. Sottolano,’.2 Grace Matwijec,!
Vincent C. Luca,> Kathleen M. Loomes,3# Ramakrishnan Rajagopalan,!.? Tristan J. Hayeck,!.2
and Nancy B. Spinner!.2

Summary

Pathogenic variants in the JAG1 gene are a primary cause of the multi-system disorder Alagille syndrome. Although variant detection
rates are high for this disease, there is uncertainty associated with the classification of missense variants that leads to reduced diagnostic
yield. Consequently, up to 85% of reported JAG 1 missense variants have uncertain or conflicting classifications. We generated a library of
2,832 JAG1 nucleotide variants within exons 1-7, a region with a high number of reported missense variants, and designed a high-
throughput assay to measure JAG1 membrane expression, a requirement for normal function. After calibration using a set of 175 known
or predicted pathogenic and benign variants included within the variant library, 486 variants were characterized as functionally
abnormal (n = 277 abnormal and n = 209 likely abnormal), of which 439 (90.3%) were missense. We identified divergent membrane
expression occurring at specific residues, indicating that loss of the wild-type residue itself does not drive pathogenicity, a finding sup-
ported by structural modeling data and with broad implications for clinical variant classification both for Alagille syndrome and globally
across other disease genes. Of 144 uncertain variants reported in patients undergoing clinical or research testing, 27 had functionally
abnormal membrane expression, and inclusion of our data resulted in the reclassification of 26 to likely pathogenic. Functional evidence
augments the classification of genomic variants, reducing uncertainty and improving diagnostics. Inclusion of this repository of func-
tional evidence during JAG1 variant reclassification will significantly affect resolution of variant pathogenicity, making a critical impact

on the molecular diagnosis of Alagille syndrome.
Introduction

Alagille syndrome (ALGS [MIM: 118450]) is an autosomal
dominant disorder caused by defective Notch signaling
that leads to a range of clinical features including hepatic,
cardiac, vertebral, ocular, renal, and facial phenotypes.”’
ALGS is characterized by a high degree of variable expres-
sivity in disease severity with no identified genotype-
phenotype correlations.”>”'* Variants in the Notch
signaling ligand jaggedl (JAGI [MIM: 601920]) are identi-
fied in most patients meeting strict clinical criteria for
ALGS (94.3%), while variants in the Notch receptor,
NOTCH2 (MIM: 600275) are identified in an additional
2.5% of pa‘cients.]5 Variant identification rates, however,
do not directly translate to diagnostic yield, as a subset of
variants are classified as variants of uncertain significance
(VOUSs).

JAG1 VOUSs are overwhelmingly missense, as protein-
truncating variants, including full and partial gene dele-
tions, are expected to lead to disease through an
established pathomechanism of haploinsufficiency.'>2°
However, roughly 15% of ALGS-associated JAG1 variants

are missense, > which are difficult to classify, often requiring
functional characterization to determine whether the pro-
tein is defective.”’ Of the over 100 missense variants re-
ported in the Human Gene Mutation Database (HGMD)>
for JAG1, only 15 have been studied (13.3%; 15 out of
113), with results showing impairments to cellular traf-
ficking (intracellular retention), glycosylation, and/or a
defect in their ability to activate NOTCH2,">'7!%2023 Un.
certainty in the functional effects of the remaining missense
variants leads to their distinction as VOUSs, driving the
diagnostic yield for identified JAG1 variants down to just
over 85%.

The number of missense variants identified in JAGI,
however, far exceeds the ALGS disease-associated variants
cataloged in HGMD. Given the hepatic disease features
of ALGS, JAG1 is included on many commercially available
next-generation sequencing-based panel tests for chole-
static and related diseases, leading to a reported VOUS
rate of 51.4% for JAG1 variants in phenotypically diverse
populations.”* Consequently, there are 575 JAGI missense
variants classified as uncertain or with conflicting interpre-
tations in ClinVar,”® a public repository of DNA variants
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and their associated phenotypes, accounting for 86% (n =
575 out of 667) of all classified JAGI missense variants.
Further obscuring our understanding of the biological sig-
nificance of JAG1 missense variants is data from reportedly
healthy individuals extracted from the Genome Aggrega-
tion Database (gnomAD).?® Of the 489 JAGI missense var-
iants recorded in gnomAD (v2.1.1), 427 (87.3%) are re-
ported at a minor allele frequency (MAF) that is lower
than the estimated incidence rate for ALGS (1:30,000;
MAF < 3.33E-05).*?”*® Given the variable expressivity of
ALGS, these low-frequency variants in gnomAD call into
question the rate of missed diagnosis of mild disease.
Thus, the burden of missense VOUSs is high for JAGI,
and resolution of this uncertainty by functional character-
ization of individual variants is necessary to improve diag-
nostics for cholestatic liver diseases, including ALGS.

Although JAG1 missense variants are identified across
the entire length of the gene, a significantly higher propor-
tion of ALGS disease-associated variants are identified
in exons 1-7 compared to exons 8-26.'>?’ This region
houses important functional domains, including the
signal peptide (SP) and C2-like domain, both of which
facilitate intracellular and membrane trafficking,”**' and
the Delta/Serate/Lag-2 (DSL) domain and first three
epidermal growth factor-like (EGF-like) repeats, which are
involved with physical binding to NOTCH2.?*** Of the
113 missense variants reported in HGMD for ALGS, 81%
(n = 92) are reported to occur in this region,** with func-
tional characterization supporting a pathogenic effect for
only 5% (n = 5 out of 92).

We designed a multiplexed assay of variant effects
(MAVE) to facilitate high-throughput functional character-
ization of a JAG1 mutagenesis library of 2,832 variants en-
compassing nearly every possible nucleotide permutation
in JAG1 exons 1-7 (97.4%). We challenged our variant li-
brary with a flow cytometry assay designed to distinguish
cells with JAG1 membrane expression from those without
and used long-read sequencing to determine the identity
of variants present in each of these two populations. We
validated our assay through structural modeling and by
confirming the appropriate distribution of a variant con-
trol set containing known or predicted benign and patho-
genic variants into normal and abnormal membrane
expression, respectively. Using this variant control set,
we translated our membrane expression data into qualita-
tive evidence strength for use during clinical variant classi-
fication and applied this to the reclassification of JAG1 var-
iants previously associated with ALGS.

Material and methods

JAG1 variant library

The JAG1 variant library was synthesized (Twist Biosciences, San
Francisco, CA) to introduce every possible nucleotide permutation
across exons 1-7 (1,008 nucleotides; 336 amino acids [aa]). All syn-
onymous changes were retained. Of 2,907 possible variants, 2,868

variants (98.7%) passed quality control and were included in the
linear library.

Stable cell line generation

Wild-type (WT) JAG1 (GenBank: NM_000214.3) and all mutant
variants, including the site saturation variant library (SSVL),
were cloned into a plasmid containing an IRES (internal
ribosome entry site)-eGFP consensus sequence, allowing for
eGFP co-expression (Twist Biosciences, San Francisco, CA)
(Figure S1). Lentiviral particles containing plasmid DNA were
used to transduce NIH3T3 cells (VectorBuilder, Chicago, IL).
NIH3T3 cells express low endogenous levels of JAG1 and have pre-
viously been used to overexpress JAG1 mutants.'>'®?* For gener-
ation of the SSVL, cells were transduced at a multiplicity of infec-
tion (MOI) of 1, achieving a transduction rate of ~30% to ensure
that transduced cells received a single plasmid. Drug resistance
(puromycin) and GFP expression were used to confirm and main-
tain stable cell expression.

Amplicon-based long-read sequencing (Pacific Biosciences,
Menlo Park, CA) performed after creation of the JAG1 SSVL indi-
cated the presence of 2,832 total variants (97.4% of targeted vari-
ants), including seven mutant variants that failed quality control
for the linear library build but that were generated separately as
pure cell lines and spiked into the final cell library (c.41T>C
[p.Leul4Pro], c.41T>G [p.Leul4Arg], c.45C>G [p.Serl5Arg],
c.47T>C [p.Leul6Pro], c.47T>G [p.Leul6Arg, c.814G>A [p.Va-
12721le], and ¢.814G>T [p.Val272Phe] [GenBank: NM_000214.3]).

Immunofluorescence

Cells overexpressing WT JAG1 or various mutant constructs were
seeded onto glass chamber slides and fixed with 4% formaldehyde
in phosphate-buffered saline (PBS). After fixation, slides were
placed in a steamer with citrate buffer for 30 min and allowed to
cool for 30 min at room temperature for antigen retrieval. Cells
were permeabilized for 10 min in 0.25% Triton X-100 followed
by blocking in 4% bovine serum albumin (BSA). Primary anti-
bodies against JAG1 (Santa Cruz, sc-390177; 1:30) and GFP (Ab-
cam, ab13970; 1:500) were added overnight. Secondary antibodies
for JAG1 (Jackson ImmunoResearch, 111-2995-003; 1:200) and
GFP (Abcam, ab225314; 1:1000) were added for 1 h, and cells
were visualized using a Leica DMi8 inverted microscope.

Flow cytometry

Cells were lifted from plates using Accutase to preserve membrane
protein integrity. Pelleted cells were resuspended in PBS with
25 mM EDTA containing a 1:1,000 dilution of a JAG1 primary
antibody (Abcam, ab273571) for 20 min at room temperature
and were washed in cell staining solution before incubation in a
secondary antibody conjugated to the fluorophore allophycocya-
nin (APC) (Jackson ImmunoResearch, 115-605-003) for 10 min.
After a second wash in cell staining solution, cells were filtered
through a 35 pm nylon mesh and propidium iodide (PI) was added
to identify live cells.

Cells were sorted on either a FACSMelody cell sorter (BD Biosci-
ences, Franklin Lakes, NJ) or a MoFlo Astrios cell sorter (Beckman
Coulter, Brea, CA). Single, live cells were selected using forward
and side scatter and by absence of PI fluorescence, and this popu-
lation was further sorted based on APC and GFP fluorescence. Two
populations of cells were collected: (1) APC high; GFP+ (mem-
brane expression of JAG1) and (2) APC low; GFP+ (non-mem-
brane expression of JAGI1). Untransfected NIH3T3 cells were
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used to define the lower boundary of the GFP+ gate, and WT and
mutant JAG1 cell lines were used to define the lower boundary of
the APC+ gate (Figures S2-S4). Gating was done conservatively
such that the lower boundary of the APC-high population and
the upper boundary of the APC-low population were not immedi-
ately adjacent to reduce the collection of cells with intermediate
APC expression. Seven replicate sorts of the SSVL were collected,
and for each sort, roughly one million cells were collected for
each population (Table S1). FlowJo (Ashland, OR) was used to
generate histograms.

Long-read sequencing

Genomic DNA was extracted from sorted cells using the Nanobind
CBB Big DNA Kit (Pacific Biosciences, Menlo Park, CA) and
cells were sequenced using amplicon-based long-read PacBio
sequencing. A two-step PCR strategy was employed to first amplify
JAG1 exons 1-7 from gDNA and then to add barcodes to amplified
products to enable sample multiplexing. Barcodes were added
such that all variants from each population (APC high; GFP+ or
APC low; GFP+) in a given experimental replicate received the
same barcode. For each replicate, 200 ng of gDNA from both the
membrane (APC high; GFP+) and non-membrane (APC low;
GFP+) populations was amplified in two or three separate reac-
tions, which were later combined to ensure sufficient input before
proceeding to library generation. Primers for first-round amplifica-
tion were blocked at the 5’ end by SAmMCS6 to prevent unbar-
coded amplicons from ligating to the SMRTbell adapters during li-
brary prep and increasing yield. The following primers were used
to amplify JAG1 (1,488 bp amplicon size):

Forward: 5 SAmMCe6-gcagtcgaacatgtagctgactcaggtcacGCAAC
CAGGTGTGGAAAGTC.

Reverse: 5 SAmMC6-tggatcacttgtgcaagcatcacatcgtagGGCACAC
ACACTTAAATCCGTTA.

Following both rounds of PCR, samples from each experiment
(including both populations collected from a single sort) were
combined at equimolar ratios and used for library generation us-
ing the SMRTbell prep kit 3.0 (Pacific Biosciences, Menlo Park,
CA). A total of 30 ng of library DNA was used to load a single
SMRTcell, and sequencing was performed on a Sequel Ile instru-
ment (Pacific Biosciences, Menlo Park, CA).

Bioinformatic analysis

Following sequencing, Lima (Pacific Biosciences, Menlo Park, CA)
was used to demultiplex barcoded samples on a single SMRTcell
into the two collected populations (APC high; GFP+ and APC
low; GFP+). Sequencing reads were aligned to JAGI (GenBank:
NM_000214.3) in the Hg38/GRCh38 reference using ppmm?2 (Pa-
cific Bioscience, Menlo Park, CA). Overestimation of reads within
~1 codon of the exon boundaries due to non-uniform alignment
and sequence similarities in these regions was normalized for dur-
ing downstream analysis by controlling for depth of coverage and
random distribution across these variants in these positions. The
depth of coverage and allele counts at each position in JAG1 exons
1-7 were obtained using the GATK (v4.3) DepthOfCoverage tool**
and the genomic positions with variants were retained for anal-
ysis. Ensembl Variant Effect Predictor (VEP)*° was used to annotate
the variants, including the aa changes and CADD scores. Variants
observed at very low abundance that could be attributed to
randomly distributed sequencing errors were removed. Variants
observed at a frequency of less than one standard deviation in
both populations (APC high and APC low) were filtered out of

the dataset. Reads covering each position (“anchor” position)
were grouped together (read group) and the frequencies of all var-
iants were determined in each bin. JVarkit (https://lindenb.github.
io/jvarkit/JvarkitCentral.html) was used to filter out reads with a
second variant if the frequency of the secondary variant was
higher than a threshold (mean: one standard deviation of all the
variants observed in the read group). Table S2 includes the me-
dian, minimum, maximum, and standard deviation of reads con-
taining each variant observed across all seven experimental repli-
cates after application of all filtering steps.

Curation of benign and pathogenic JAG1 variant control
set

A list of 111 benign and 70 pathogenic variants were ascertained
from publicly available databases. SpliceAI’°® and Alamut
(SOPHIA Genetics) were used to remove any variants that were
predicted to affect splicing. For benign variants, first ClinVar was
queried for variants with a benign or likely benign classification
(n = 84). An additional 14 variants that were listed as benign or
likely benign for ALGS specifically were included from variants
classified as conflicting. Using a disease incidence of 1:30,000 for
ALGS, 11 variants were identified in gnomAD (v2.1.1and v3.1.2)
with an MAF > 3.33E-05 that had not previously been identified
in ClinVar. Finally, an additional two variants were identified as
benign or likely benign in the Leiden Open Variation Database
(LOVD?) (Table S3).

Pathogenic variants were first ascertained from HGMD
(v.2023.4), ClinVar, and LOVD and subsequently filtered to
include only those with an MAF <3.33E-05 in gnomAD (in both
v2.1.1and v3.1.2). A total of 54 variants were identified in
HGMD with a disease-causing (DM) classification. An additional
10 variants were included from ClinVar with a pathogenic or likely
pathogenic classification, with one variant listed as likely patho-
genic for ALGS specifically among variants classified as conflicting.
Finally, six variants were identified as pathogenic or likely patho-
genic in LOVD (Table S3).

Statistical framework for variant scoring and
classification

Results from sequencing were calibrated and annotated to trans-
late quantitative scores into normal or abnormal function predic-
tions as previously described.*® For each variant, a weighted and
normalized membrane expression score was calculated based on
the raw count of how many times a variant was observed in
each bin following FACS. First, a variant frequency within bin
(Fpy) was calculated for each variant as the raw count of each
variant for each bin divided by the sum of all counts recorded in
that bin, where M was the number of variants with index v for a
given bin, b, with C;, counts of a specific variant in a bin.

Second, the F,, for each variant was weighted (W,). The APC
low bin was assigned the value 0.1, and the APC high bin was as-
signed the value 0.9 (w; = 0.9 and w, = 0.1).

B
> WiFpy
w, =+t

- B
ZFI/!,V
b
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Third, the W, was normalized using experimental data from
positive and negative controls to obtain a within replicate variant
score (Sy). The Wy calibration was the mean W, over three cali-
bration variants (chr20:10652540-C-A, chr20:10673486-G-C, and
chr20:10673484-A-G [Hg38/GRCh38]), and the W,,,an: Was the
mean W, over the calibration variant (chr20:10673484-A-C
[Hg38/GRCh38]). Calibration variants were selected based on
assay performance of pure cell lines (Figures S4 and S5).

WV B I/Vmumnt

S, = v = Tmutant
WWT - Wmutant

S, values from replicate runs were averaged to calculate a final
membrane expression score (S,). A minimum of two replicates
were required, and confidence intervals (Cls) were calculated using
the equation Sy = Sy =Zoy 556, where standard error (sey) is the
standard deviation (o,,) of membrane expression scores divided by
the square root of the number of replicates: se, = a,/v/R,.

A set of known/predicted benign (n = 111) and pathogenic (n =
70) variants (variant control set) were used to establish thresholds
for abnormal and normal function (Table S3). The lowest scoring
5" percentile benign variants defined the upper bound of the
functionally abnormal threshold. Variants with both a mean
and an upper CI below the threshold were classified as function-
ally abnormal, and variants with a mean below the threshold
and an upper CI crossing the threshold were classified as likely
to be functionally abnormal.

Odds of pathogenicity (OddsPath) calculations have been previ-
ously described.*?*” Briefly, OddsPath were calculated where P;
was the proportion of pathogenic variants in the variant control
set, total variant co:ltt(if)allx]Litar[l)Z?;roZ:?ﬂij)ct'faf’\zfg;z;g;:,l(cuntr<)l set benign’ and P was the
proportion of pathogenic variants in the variant control set with
abnormal membrane expression scores out of all abnormal vari-

total variant control set pathogenic abnormal :
ants, total variant control set abnormal . Conversion of OddsPath cal-

culations to American College of Medical Genetics and Genomics
(ACMG)/American Association of Molecular Pathology (AMP) ev-
idence weight was previously described.*”

[Py (1 — Py)]

OddsPath = m

Structural modeling

The structure of human JAG1 (C2-EGF3) in complex with human
NOTCH2 (EGF8-12) was reconstituted in AlphaFold2 (DeepMind)
using MMseqs2 (ColabFold v1.5.5) and aligned to the crystal struc-
ture of rat JAG1 in complex with NOTCH1 (PDB: SUKS). All struc-
tural figures were generated from PyMOL (PyMOL version 2.5.4,
Schrodinger). Protein sequences were retrieved from UniProt.*!
SignalP 5.0 (Department of Health Technology, Denmark) was
used to predict SP probability using aa 1-70 of human JAG1
(P78504) comparing WT (GenBank: NM_000214.3), ¢.58C>A
(GenBank: NM_000214.3) (p.Leu20Met), and c.59T>G (GenBank:
NM_000214.3) (p.Leu20Arg) variants.*”> SP prediction data was
visualized with GraphPad Prism 9.5.1 (GraphPad Software).
AlphaFold2 (DeepMind) using MMseqs2 (ColabFold v1.5.5) was
used to generate predicted template modeling (pTM) scores for hu-
man JAG1 with various cysteines mutated. Secondary structures of
JAG1 were retrieved from PDBsum (EMBL-EBI, United Kingdom)
based on human JAG1 (PDB: 4CBZ). Buried and exposed residues
were analyzed using the apo structure of human JAG1 with
PDBePISA (EMBL-EBI, United Kingdom).

AlphaMissense and CADD analysis

AlphaMissense (DeepMind) scores** for JAG1 were downloaded
from the Hege Lab web resource.** AlphaMissense scores were
plotted for all missense variants with abnormal or likely abnormal
membrane expression (n = 435) and for all missense variants (n =
2194). CADD scores from GRCh38 v1.6 were downloaded and
plotted similarly. Data were analyzed using an unpaired t test for
statistical significance.

Curation of variants from ClinVar and literature for
reclassification

Disease-associated JAG1 missense variants were identified from
ClinVar, with a last check date of March 1, 2024, and from
HGMD v.2023.4 (DM characterized as pathogenic and DM? char-
acterized as likely pathogenic). Previously classified variants were
also identified from Gilbert et al.'®

Results

Establishing a high-throughput JAG1 cellular

localization assay

To test the impact of JAGI nucleotide substitutions on
protein localization, we designed an assay to discriminate
between membrane and intracellular expression of JAG1.
Membrane expression of JAG1 is required for its
interaction with the NOTCH2 receptor, and intracellular
sequestration of missense variants has been identified as
a mechanism of defective JAG1 function.!'>1%1820.:23
Immunofluorescence of stable cell lines confirmed the
previously observed intracellular retention of three JAG1
pathogenic variants (c.110T>C [p.Leu37Ser], c.2078G>A
[p.Cys693Tyr], and c.2732G>A [p.Cys911Tyr] [GenBank:
NM_000214.3])'>'%23 compared with WT JAG1 (Fi-
gures 1A-1D). To design a high-throughput screen, we
sorted these cells by flow cytometry using an antibody
against the extracellular domain of JAG1 and an APC-con-
jugated secondary antibody, with increased fluorescence
intensity indicating JAG1 membrane expression. All
JAG1 constructs included an IRES-eGFP construct
to ensure selection of positively transformed cells
(Figure S1). Nearly 80% of cells overexpressing WT JAG1
were GFP+ (Figure S2), indicating successful incorpora-
tion of the overexpression construct. Cells overexpressing
WT JAG1 were clearly distinguishable from all three
pathogenic variants (96.8% of WT cells compared to
6.7% of c.2078G>A [p.Cys693Tyr], 0.14% of ¢.110T>C
p-Leu37Ser], and 0.68% of ¢.2732G>A [p.Cys911Tyr]) by
flow cytometry (Figure 1E). Of note, the c.2078G>A
(p-Cys693Tyr) mutant was previously identified to retain
partial membrane expression.'> With our assay, we
observe an increase in the percentage of JAG1 present
on the membrane of ¢.2078G>A (p.Cys693Tyr) cells
compared to the c.110T>C (p.Leu37Ser) and c.2732G>A
(p-Cys911Tyr) lines (6.7% compared to 0.14% and
0.68%, respectively), supporting this prior finding.
When these four cell lines are combined in an equal ratio,
a bimodal distribution of fluorescence corresponding to
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Figure 1. Development of an assay for
JAG1 membrane expression
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(B) Cys693Tyr (C693Y), (C) Cys911Tyr
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6.7% intracellular expression of JAG1.
(E) WT and mutant JAG1 cell lines were
sorted by flow cytometry using an anti-

body against the extracellular region of
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0.68% JAG1. WT JAG1 has higher APC fluores-
cence, indicating membrane expression
of JAG1, compared to all three mutants.

A mixture of all four cell lines (Mix) shows
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9.0k =
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0

16.5% a bimodal distribution of fluorescence in-
tensity with peaks representing JAG1
non-membrane (APC low) and membrane

(APC high) expression. Dotted line repre-

WT JAG1 (high APC) and mutant JAG1 (low APC) is
observed, supporting the utility of this assay to clearly
distinguish between membrane and non-membrane
JAG1 expression (Figure 1E).

Generation and functional characterization of a JAG1
variant library

To comprehensively characterize the function of all dis-
ease-relevant variants in the N terminus of JAG1, we
designed an SSVL targeted to include every possible
nucleotide permutation in JAG1 exons 1-7 (n = 2,907; nu-
cleotides 1-1,008; aa 1-336) (Figure 2A). Since missense
variants in ALGS are caused by single-nucleotide substitu-
tions, aa variants produced by the change of two nucleo-
tides within a codon were excluded. All synonymous
changes were retained. Of a possible 2,907 variants,
2,868 (98.7%) passed quality control metrics for the
linear library build. This SSVL was expressed in NIH3T3
cells from a plasmid containing an IRES-eGFP cassette for
the selection of positively transformed cells (Figure S1).
Sequencing of the final cell library indicated the presence
of 97.2% of targeted nucleotide permutations (n = 2,825
variants; Table S2).

Five variants falling within a leucine-rich region failed
quality control during the linear library build (c.41T>C
[p.Leul4Pro], c.41T>G [p.Leul4Arg], c.47T>C [p.Leulé6-
Pro], c.47T>G [p.Leul6Arg], and c.45C>G [p.SerlSArg]
[GenBank: NM_000214.3]). However, their location
within the SP and the association of variation at nearby
residues (Ser10, Leul7, Leul8, Leu20, Leu21) with ALGS
suggested this region was important to study. Along with
two other failed variants at an aa residue with a contradic-
tory role in disease (c.814G>A [p.Val2721Ile] and c.814G>T
[p.Val272Phe] [GenBank: NM_000214.3]),%>*° these seven
variants were generated separately as pure stable cell lines.
Stable cell lines were spiked into the JAGI library at a ratio
to allow for equal representation of all variants, resulting in

T
mO 10} m!

APC Fluorescence Intensity

T
2 10* u

o sents the lower threshold for the APC
high population.

T
10

a final library of 2,832 variants (97.4% of targeted nucleo-
tide permutations), including 2,194 missense and 638 syn-
onymous variants (Table S2).

The JAG1 SSVL was sorted using WT JAG1l and
c.47T>G (p.Leul6Arg) pure cell lines as gating controls
for membrane (APC high) and non-membrane (APC
low) expression, respectively. The ¢.47T>G (p.Leul6Arg)
cell line shows markedly reduced membrane expression
compared to the ¢.110T>C (p.Leu37Ser) cell line with
little overlap with WT JAG1 cells and was therefore
selected for use as a non-membrane control (Figure S3).
The JAG1 variant library exhibited more diffuse expres-
sion of GFP than either pure cell line (WT JAG
and c47T>G [p.Leul6Arg]), therefore, untransfected
NIH3T3 cells were used to define the lower boundary of
the GFP+ gate for selection of positively transfected
cells (Figure S4A). Gating for APC fluorescence was
done conservatively using the WT JAG1 and c.47T>G
(p-Leul6Arg) controls by omitting a small population
of cells with intermediate APC fluorescence when
creating the lower boundary of the APC high gate and
the upper boundary of the APC low gate (Figures 2B
and S4B-S4E). Using this gating strategy, two populations
of cells were collected corresponding to low and high
APC fluorescence. Of WT JAG1 GFP+ cells, nearly 90%
were included in the APC high population compared to
<1% of c.47T>G (p.Leul6Arg) GFP+ cells and ~50% of
the JAG1 library, highlighting two clear populations of
cells with (APC high) and without (APC low) JAG1 mem-
brane expression (Figures 2B and S4B-S4E).

Amplicon-based long-read sequencing was used to
quantify the frequency of each variant in both the high
and low APC populations. A weighted and normalized
membrane expression score was calculated for each
variant, which ranged from roughly O to 1, with lower
scores indicating non-membrane expression and higher
scores indicating membrane expression (Figures 2C-2E).
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Figure 2. High-throughput functional characterization of a JAGT variant library

(A) Schematic of the JAG1 protein highlighting the SSVL targeted region. Blue lollipops indicate previously reported missense variants.
Protein domains are color-coded: purple: C2-like; red: Delta/Serate/Lag2 (DSL); brown: NOTCH2-interacting epidermal growth factor-
like (EGF-like) repeats; yellow: EGF-like repeats; orange: transmembrane.

(B) Sorting strategy for membrane expression assay. Membrane (APC high; GFP+; blue) and non-membrane (APC low; GFP+; red) pop-
ulations were gated using WTJAG1 and p.Leul6Arg (L16R) as controls. Red and blue coloration indicates the collected populations. Cells
with intermediate APC fluorescence (light gray) were not collected.

(C) Distribution of membrane expression scores across the entire SSVL.

(D) Heatmap showing tolerance (yellow/green) or intolerance (blue/purple) of each JAG1 aa substitution. White indicates variants that
were not tested in the assay.

(E) Heatmap showing the tolerance of each aa residue to change. Up to seven alternate variants were assayed per residue, and the number
of alternate residues with abnormal membrane expression is plotted. Dark blue indicates sites that are intolerant to variation, green in-
dicates sites that are fully tolerant to variation, and intermediate shades indicate sites with some, but not all, changes disrupting mem-
brane expression. NOTCH2-interacting residues are indicated by red (directly interacting) and orange (likely interacting) lollipops.

Final scores were obtained by combining and analyzing Structural modeling to validate variant functional

results from seven replicate experiments with over 2 effects

million cells collected from each experiment, ensuring Analysis of secondary structure shows an enrichment for
that each variant was represented ~700 times on average missense variants with low membrane expression within
(Table S1). the a-helix domain compared to the loop and B-strand
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(A and B) The proportion of variants with low, medium, or high membrane expression scores was plotted for (A) secondary structure and

(B) buried and interface residues.

(C) Membrane expression scores for aa gain (blue) or loss (red) are plotted. Scores are averaged for each aa across the region.

(D) Membrane expression scores plotted for cysteine gain versus cysteine loss across the entire region assayed and just the EGF-like do-
mains. Data points for cysteine loss represent the average score for all variants at that residue. Green data points indicate four cysteines in
the EGF domain that are tolerant to variation. Data were analyzed using an unpaired t test.

(E) Membrane expression scores for aa that are most intolerant to gain are plotted across four regions.

(F) Membrane expression scores for aa that are most intolerant to loss are plotted across four regions.

All error bars represent SEM.

domains (Figure 3A). No differences in membrane expres-
sion scores were identified for buried or interface variants
compared to all missense variants (Figure 3B).

We analyzed the global effects of single aa loss or gain
across the entire region and found that gain of a lysine,
arginine, proline, or serine was associated with lower mem-
brane scores (failure to reach the membrane) compared to
loss of these aa from WT sequence (Figure 3C). Conversely,
loss of an isoleucine, leucine, or cysteine was associated
with lower membrane scores than gain of these aa through
missense substitution (Figures 3C and 3D). Prior data
support a greater intolerance for cysteine loss compared
to cysteine gain, particularly within the EGF-like do-

mains.'>?**%7%° There are three EGF-like domains within

our region of study, and each domain contains six cyste-
ines. Surprisingly, the first four cysteines of EGF-like
domain 1 were highly tolerant to change in our assay,
whereas the remaining 14 cysteines were expectedly intol-
erant to variation (Figure 3D; Table S2). To better resolve
the differences between these cysteines, we modeled the
effects of variation at these residues using AlphaFold."’
When each of these cysteines is changed to a tryptophan,
the pTM score, a scoring metric used to evaluate confi-
dence in the predicted protein fold, is similar to WT
JAG1 for three of the first four EGF-like cysteines
(Cys234, Cys238, and Cys24S5), supporting our membrane
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(A) Structural modeling of Leu16-18 (L16-18) and Leu20-21 (L20-21) within the SP helix.
(B and C) Phobius SP prediction of the (B) Leu20Met (L20M) and (C) Leu20Arg (L20R) variants show a decrease in the confidence of the
SP signature for Leu20Arg (L20R) but not Leu20Met (L20M). Red box indicates location of variant. Black box indicates the last residue of

the SP domain.

(D) Structural modeling of the JAG1 region of study in contact with NOTCH2. Residues of interest are highlighted, including the four

tolerant and 14 intolerant EGF-like cysteines.

(E-G) Structural analysis of (E) Trp167 (W167) packed tightly between a glutamine and an arginine, (F) Pro269 (P269), and (G) hotspot
residues Glu285 (E285), Thr286 (T286), Asn287 (N287), and Trp288 (W288) that are highly sensitive to variation.

expression data and indicating that changes at these cyste-
ines may not be critical for protein folding (Table S4).

To test whether intolerance to aa gain is specific for func-
tional domains, we plotted membrane expression scores
for lysine, arginine, proline, and serine substitutions occur-
ring in each of the four JAG1 domains. Membrane expres-
sion scores for arginine and proline gains are low across all
regions (Figure 3E). Low scores for lysine and serine substi-
tutions are driven by a greater intolerance for variation in
the C2-like, DSL, and EGF domains, whereas substitution
in the SP is more tolerated (Figure 3E). Similarly, we plotted
membrane expression scores for isoleucine, leucine, and
cysteine substitutions across all four functional domains.
Here, leucine loss was more tolerated in the EGF domain
compared to the C2-like and DSL domains, whereas
cysteine loss was most intolerant in the DSL and EGF do-
mains (Figure 3F).

We used structural modeling to further investigate spe-
cific sites that were highly intolerant to variation in our
membrane expression assay. Within the SP, there are a se-

ries of leucines with abnormal membrane expression
scores (Leul8, Leu20, Leu21). We predicted the effects of
SP cleavage resulting from mutations at Leu20 using Pho-
bius, a computational tool that predicts SP cleavage
sites and probability.”’ This analysis determined that
mutation of Leu20 to an arginine, but not a methionine,
reduces the probability of SP cleavage, which would be pre-
dicted to interfere with trafficking of the protein to the
cell surface (confidence scores: ¢.59T>G [p.Leu20Arg]:
0.3876; c.58C>A [p.Leu20Met]: 0.987; WT JAG1: 0.99)
(Figures 4A-4C). This finding is in striking agreement
with our membrane expression data where a change to
an arginine yields a low membrane expression score
(0.201) while a change to methionine is well tolerated
with a score (0.812) similar to WT. Concurrently,
c.59T>G (GenBank: NM_000214.3) (p.Leu20Arg) has
been reported as an ALGS-associated pathogenic variant
in the mutation database HGMD, while c.58C>A (Gen-
Bank: NM_000214.3) (p.Leu20Met) is absent from both
HGMD and ClinVar. Importantly, of the 177 aa residues
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that are sensitive to variation in our assay, only eight
(4.5%) are fully intolerant to membrane expression, with
every tested substitution resulting in intracellular seques-
tration. The remaining 169 residues display divergent
membrane expression, where only specific substitutions
result in abnormal membrane expression while the
remainder are tolerated (Figure S6; Table S2).

To analyze the effects of additional variants, we gener-
ated a structural model of JAG1 bound to NOTCH2 using
AlphaFold (Figure 4D). The model had a pTM score of
0.777 and an interface pTM score of 0.795, indicating
that the structure was predicted with a high degree of con-
fidence. Aligning the JAG1-NOTCH2 model to the pub-
lished crystal structure of JAG1-NOTCH2 (PDB: SUKS)
showed that the binding interface was fully conserved be-
tween our model and the experimentally determined com-
plex structure.’® This JAG1-NOTCH2 model was used to
visualize the position of Trp167, a residue located within
the DSL domain that is intolerant to all variation in our
membrane expression assay. The ¢.499T>C (GenBank:
NM_000214.3) (p.Trpl67Arg) variant has been classified
as a VOUS in ClinVar, and our data suggest this should
be changed to likely pathogenic. Tryptophan is very hy-
drophobic and is tightly packed between a glutamine
and an arginine (GIn182 and Arg184), making it critical
for the structural integrity of the DSL domain (Figures 4D
and 4E). A change from tryptophan to any other variant
tested in our assay (Cys, Leu, Arg, Gly, and Ser), which
are all small or hydrophilic residues, would disrupt this re-
gion, likely resulting in lack of membrane expression due
to domain misfolding or protein aggregation. Similarly,
we assessed the structural effects of changes to aa 285-
288, a region within the EGF-like domain where variation
results in abnormal membrane expression. Structural
modeling of this region, consisting of Glu285, Thr286,
Asn287, and Trp288, indicates strong intradomain interac-
tions between these aa, with variation likely to negatively
affect protein stability (Figures 4D and 4G). Based on the
structure of the NOTCH2-JAG1 complex, these residues
are predicted to be in proximity to key NOTCH2 interface
residues, and it is likely that changes here could affect
NOTCH2 binding as well.*

We hypothesized that the functional effects of variants
located within known NOTCH2-interacting regions could
be missed in our assay if variation affects NOTCH2-binding
but not protein folding/cellular trafficking. To test this, we
visualized the positions of two residues, Pro269 and Lys80,
where missense variants have been reported in patients
with ALGS but that had high membrane expression
scores in our assay, indicating tolerance to variation. Struc-
tural analysis revealed that these two residues directly
contact NOTCH2 in the model, indicating that variation
at these positions is likely to affect binding, and supporting
their clinical relevance despite high membrane expression
scores in our assay (Figures 4F and S7A). A third variant,
c.590A>G (GenBank: NM_000214.3) (p.Asnl97Ser),
which affects a residue located in the NOTCH2-interacting

DSL domain (Figure 2E) and is classified as a VOUS in
ClinVar, is predicted to disrupt both NOTCH2-binding
and membrane expression (score 0.262) (Figure S7B). Utili-
zation of NOTCH2-binding assays to test these variants
may help identify defective binding.

Although we observed changes that were intolerant to
membrane expression throughout the entirety of JAG1
exons 1-7, the region from aa 57-73 was highly tolerant
to change. This region is located between the SP and
the first NOTCH2-interacting residues and thus is likely
not critical to NOTCH2-binding nor to protein-folding
(Figures 2D and 2E). Correspondingly, there are no patho-
genic variants listed in this region in HGMD or ClinVar.

Establishment of a functionally abnormal variant score
threshold

To identify a threshold score below which membrane
expression could be defined as functionally abnormal,
we examined how well our assay results agreed with clin-
ical annotations and variant population frequencies. We
defined a variant control set consisting of 111 known or
predicted benign and 70 pathogenic variants of which
106 benign and 69 pathogenic variants were scored in
our assay (Table S3). Membrane expression scores from
benign and pathogenic variants were inversely distrib-
uted, indicating that sorting by membrane expression is
a good predictor of variant pathogenicity (Figure 5A, up-
per). Using this variant control set, we established
an abnormal score threshold that separates the upper
95% of top-scoring benign variants from the lower 5%.
Variants with a mean score and an upper CI below
this threshold were categorized as functionally abnormal.
Variants with a mean score below this threshold but an
upper CI crossing this threshold were defined as likely
abnormal (Figure S8). We categorized 486 variants as
functionally abnormal (n = 277 abnormal and n = 209
likely abnormal) of which 439 (90.3%) were missense
(Figure SA, lower; Table S2).

Functionally abnormal missense residues correlate well
with CADD and AlphaMissense scores, showing signifi-
cant enrichment for variants that are predicted to be
pathogenic by these computational tools (Figures 5B
and 5C). Thermodynamic predictions of RNA secondary
structure for the lowest-scoring (abnormal) synonymous
variant c.624A>T (p.Gly208=) (codon GGA>GGT) indi-
cates a higher base pair probability for the GGT variant
compared to the WT variant (GGA), suggesting that
the alternate codon results in a more stable 5’ structure
(Figure S9). Analysis of a second synonymous variant
at the same position, c.624A>G (p.Gly208=) (codon
GGA>GGG), with a high membrane expression score
(normal/membrane), has a similar base pair probability
as the WT codon (GGA) (Figure S9). Alteration to thermo-
dynamic properties of the mature RNA could provide a
rationale for the identification of abnormal synonymous
variants with our assay via modulation of translation
initiation rates.
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JAG1 membrane expression correlates with pathogenic and benign variant classifications

(A) Histogram of membrane expression scores for 106 benign and 69 pathogenic variants. Black dotted line indicates the threshold for
the lower 5% of benign variants, below which variant function is classified as abnormal. Forty-five out of 69 (65.2%) pathogenic variants
within the variant control set lie below this line. The distribution of membrane expression scores for the remainder of the library is
shown below, with 486 variants scoring below the abnormal threshold.

(B and C) Correlation of (B) AlphaMissense and (C) CADD scores for variants with abnormal membrane expression. Data were analyzed

using an unpaired t test.

Defining functional evidence strength to support clinical
variant classification

The clear correlation between membrane expression
scores and clinical classifications (variant control set) sup-
ports the validity of our assay in measuring a disease-rele-
vant functional feature of JAG1. The inclusion of a large
set of positive and negative controls that cover the full dy-
namic range of the assay allows for statistical calculation
of assay strength. To empirically determine how well our
assay differentiates benign (n = 106) from pathogenic
(n = 69) variants, we calculated two odds of pathogenicity
(OddsPath) scores, one for variants scoring as abnormal
in our assay and a second for those scoring as likely
abnormal. OddsPath calculations allow for analysis of
the statistical power of a dataset in accurately predicting
function for abnormal variants, and scores have been
translated to evidence strength levels to allow for applica-
tion of MAVEs data during clinical variant interpreta-
tion.”” The increased separation between pathogenic
and benign controls in the abnormal group resulted in
an OddsPath of 24.6, with an OddsPath of 11.5 calculated

for variants categorized as having a likely abnormal func-
tion (Table S5). Following guidance from the ClinGen
Sequence Variant Interpretation (SVI) Working Group,
an OddsPath score of 24.6 corresponds to utilization of
PS3, a clinical classification criterion for evidence support-
ing a damaging effect on protein function at strong
weight while an OddsPath score of 11.5 corresponds to
application of PS3 at moderate weight (PS3_moder-
ate).>”>? An OddsPath score for benignity (BS3) was not
calculated since successful Notch signaling requires both
cell surface expression of JAG1 and NOTCH2 binding/
signaling initiation, therefore the presence of JAG1 on
the membrane is required, but not sufficient, for JAG1
function.

Clinical impact of membrane expression functional data
on JAGT VOUS reclassification in ALGS patients

Using ACMG clinical variant classification guidelines, we
previously classified 38 missense variants identified in an
IRB-approved ALGS research study.'” Of these, 28 variants
were included in our MAVEs. We assessed how well
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membrane expression scores correlated with our prior
classifications and found that the majority of pathogenic
(n = 10/12; 83.3%) variants had evidence of non-mem-
brane JAG1 compared to half of likely pathogenic variants
(n = 5/11; 45.5%) (Figure 6A). Importantly, a majority of
VOUSs also had evidence supporting abnormal membrane
expression (n = 3/5; 60%) (Figure 6A). Re-analysis of
these three VOUSs (c.283G>C [p.Gly95Arg], c.401T>C
[p.Leul34Ser], and c.541T>A [p.Tyr1l81Asn] (GenBank:
NM_000214.3]) with the addition of this functional data
resulted in reclassification of all three variants to likely
pathogenic, providing diagnostic resolution (Figure 6C;
Table S6).

To assess the impact of our functional data on a larger da-
taset, we reviewed variant classifications from ClinVar.
Functional data from our MAVEs was available for 139
missense and synonymous VOUS (Table S7). Upon re-
view, 24 (17.3%) had membrane expression scores indi-
cating they are fully or likely abnormal (Figure 6B).
Using ACMG classification criteria, we reanalyzed all 24
ClinVar variants with abnormal membrane expression, re-
sulting in the reclassification of 23 as likely pathogenic
(Figure 6C; Table S7). The 115 variants with higher mem-
brane expression scores could not be reclassified with the
present data, as lack of membrane expression is only one

atresia, miscellaneous cardiac mani-

festations, congenital anomalies of
the kidney and urinary tract, ocular anomalies, pregnancy
loss, hypogonadism, hearing loss, and hypothyroidism,
that are unrelated to ALGS*” (Table S8). We hypothesized
that the disease pathomechanism for these variants would
be different from ALGS-causing variants. As expected,
none of the 26 variants had abnormal membrane expres-
sion scores indicating that all of them are appropriately ex-
pressed on the membrane. These data suggest that these
variants are either polymorphisms or act by an alternate
disease pathomechanism.

Discussion

Uncertainty in variant classification is a critical problem in
genomic diagnostics. Of the over two million variants
deposited in ClinVar, 41% are classified as either VOUSs
or conflicting, with the VOUS classification undergoing a
~5-fold increase since 2020.>* Scalable functional assays
offer a methodology to interpret the effects of thousands
of variants simultaneously, with the advantage of
including numerous positive and negative controls
(variant control set) to strengthen assay calibration.”*>°
The utility of scalable assays to measure membrane expres-
sion is supported by the estimation that up to 30% of all
proteins are transmembrane, and generation of assays
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such as ours will support improved understanding of this
class of proteins.>®

We describe the development and application of a high-
throughput membrane expression assay allowing for
measurement of the functional effects of 2,832 nucleotide
variants in JAG1, a primary cause of ALGS. JAG1 is a trans-
membrane ligand that interacts with Notch receptors to in-
fluence gene expression in a variety of tissues. Therefore,
functional JAG1 requires both membrane localization
and successful contact with the receptor.’” With this
assay, we identified 486 JAG1 variants with abnormal
membrane expression, a known mechanism causing
ALGS. 17182023 Functional data are valuable during clin-
ical variant classification, and recent recommendations
published by the ClinGen SVI Working Group include
guidelines for how to assess the strength of data obtained
through MAVEs using OddsPath calculations.* Through
a Bayesian adaptation of the ACMG variant classification
guidelines, numerical OddsPath scores are readily linked
to evidence weight (supporting, moderate, and strong)
for use during clinical variant classification.*”*" A rigorous
assessment of the utility of OddsPath for clinical use was
recently performed on three separate MAVE datasets for
BRCA1, TP53, and PTEN, which showed a high predictive
value for disease causality for datasets that include many
control variants and are able to clearly distinguish
abnormal function of pathogenic from benign variants,
corresponding to usage of functional data as strong evi-
dence toward pathogenicity.”® Moreover, a recent work-
shop to develop consensus recommendations regarding
the “Clinical Application of MAVE Data” unanimously
agreed that assays should differentiate moderate from
strong (or supporting) support for variant classification be-
tween variants with different measured effects, supporting
the utility of applying different evidence strength for vari-
ants based on assay readout.”” In our MAVEs, we tested a
critical functional feature of JAG1, membrane expression,
and obtained clear separation of a large set of benign and
pathogenic variants, resulting in an OddsPath score of
24.6 for variants with abnormal membrane expression
and 11.5 for variants with likely abnormal membrane
expression, corresponding to the utilization of this data
as strong or moderate evidence, respectively, during clin-
ical variant classification. Review of 144 previously classi-
fied VOUSs from ClinVar and published datasets identified
27 with abnormal membrane expression and indicate
that inclusion of this evidence during variant reclassifica-
tion provides significant diagnostic resolution with 26
(18.1%) upgraded to likely pathogenic, demonstrating a
high rate of reclassification for variants with abnormal
functional data (Figure 6C; Tables S6 and S7).

Our results have multiple implications for improved
variant classification for JAG1, with potential applicability
to other genes. We found that the identification of
abnormal function for one aa change at a given residue
did not extend to all other substitutions at that location.
Rather, there were some aa that were well-tolerated at spe-

cific sites while others were not (n = 169 of 335 tested res-
idues, 50%), suggesting that loss of the WT aa itself does
not drive pathogenicity but rather that pathogenicity is
dependent on specific substitutions. We tested this finding
by utilizing a software (SignalP 5.0) that predicts the loca-
tion of SP cleavage sites, which showed that the c.59T>G
(GenBank: NM_000214.3) (p.Leu20Arg) variant, which
was previously identified in an individual with ALGS and
displays abnormal membrane expression in our assay, is
very likely to disrupt SP cleavage, while the c.58C>A (Gen-
Bank: NM_000214.3) (p.Leu20Met) variant, which has not
been previously reported in ALGS and displays normal
membrane expression, is not predicted to disrupt SP pro-
cessing. Observations of discrete functional differences
occurring from different aa substitutions is important,
particularly since novel missense changes at aa residues
where a different missense change has been previously
determined to be pathogenic is an ACMG criterion that
is given moderate weight during variant classification (cri-
terion PMS5).> Results from our study suggest that caution
should be taken when using this criterion during the clas-
sification of JAG1 variants for ALGS, and possibly for other
disease genes, perhaps by modifying the evidence weight
from moderate to supporting. To support this using data
from our pathogenic variant control set, we identified 19
residues with a single reported pathogenic variant with
an abnormal membrane score of which only one occurred
at a residue where all other changes were abnormal while
two occurred at residues where all other changes were
tolerated. For the remaining 16, only 49% of alternative
aa changes were abnormal (Table S2). Overall, these ana-
lyses highlight a heterogeneity of JAG1 variant effects
and suggest that the structure/function relationship in
JAG1 is important in understanding the biological signifi-
cance and diagnostic impact of missense variants.

To further improve clinical variant interpretation for
JAG1, we also assessed broadly whether certain aa were
more likely to result in disease when removed or inserted.
We found that gain of a lysine, arginine, proline, or serine
was associated with lower membrane expression scores
(failure to reach the membrane). Lysine and arginine
both contain positively charged side chains that are
exposed on the protein surface, allowing for the forma-
tion of ionic interactions and hydrogen bonds within
the protein, as well as with water molecules, that are
important in protein stability.®” Proline, with its rigid, cy-
clic structure, is likely to disrupt beta-sheet topology, a
common protein secondary structure found throughout
JAG1 exons 1-7.°" A study of the most common disease-
causing aa substitutions identified gain of an arginine or
proline as the most damaging, which is consistent with
our observations.®” The negative effect of serine gain is
less clear, although serine is found at the consensus site
for the addition of O-linked glycans, and alterations of
this conserved signature could have effects on sugar addi-
tion and, consequently, protein folding and cellular
trafficking.®*
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We found that loss of isoleucine, leucine, or cysteine was
associated with lower membrane expression scores (intra-
cellular). Both isoleucine and leucine are branched chain
aa, and it is possible that their alteration could disrupt hy-
drophobic packing, which is crucial to protein stability.®*
Cysteine residues are critical for protein folding, particu-
larly in EGF-like domains, and cysteine loss has been asso-
ciated with both ALGS and other diseases.”***"*’ Concur-
rently, we found that loss of nearly all EGF-like cysteines
led to abnormal membrane expression. Analysis of protein
structure predictions for three cysteines that were tolerant
to variation showed that alterations at these residues
yielded models with confidence scores similar to WT, sug-
gesting that these substitutions may not affect cellular
localization and supporting our membrane expression
findings. These findings reinforce that a biochemical un-
derstanding of the JAG1 protein is essential for translating
aa variation to functional effect and highlights specific aa
alterations that may be of greater significance during clin-
ical variant classification.

In addition to identifying aa alterations with a detri-
mental effect on membrane localization, we identified a
region of 17 aa (aa 57-73) in the C2-like domain that
were highly tolerant to all aa substitutions. Consistent
with this finding, there have been no reported ALGS-asso-
ciated variants in this region (HGMD, ClinVar), substanti-
ating the biological significance of this assay. Although we
propose that variation in this region is unlikely to cause
ALGS, we note that membrane expression of JAG1 is
necessary but not sufficient for JAG1 function. A subset
of variants with normal membrane expression might
have NOTCH2-binding defects that impair their function.
Our region of study encompasses the entire NOTCH2-
binding domain of JAG1, with interacting residues
identified within the C2-like and DSL domains, and
EGF-like domains 2 and 3.** The identification of two
reportedly pathogenic variants from our variant control
set, ¢.238A>G (GenBank: NM_000214.3) (p.Lys80Glu)
and ¢.806C>T (GenBank: NM_000214.3) (p.Pro269Leu),
which directly contact NOTCH2, suggests that these
variants likely affect NOTCH2-interaction despite not
impacting membrane localization. Structural modeling
of a third variant, ¢.590A>G (GenBank: NM_000214.3)
(p-Asn197Ser), with a low membrane expression score
(intracellular) also showed a likely effect on NOTCH2-
interaction, highlighting heterogeneous effects of JAG1
variants. Notably, c.590A>G (GenBank: NM_000214.3)
(p-Asn197Ser) is classified as a VOUS in ClinVar, and the
data here are expected to upgrade its classification to
likely pathogenic.

Previous studies have alluded to mechanistic heterogene-
ity in JAG1 variant function, with four of 15 (27%) studied
variants showing defects in either JAG1 membrane expres-
sion or NOTCH2 binding while the remaining 11 (73%)
were defective in both functional properties.'>!”1%2%23 Of
the four variants with divergent effects on JAG1 function,
two (c.2078G>A [p.Cys693Tyr] and ¢.2141G>A [p.Cys714-

Tyr] [GenBank: NM_000214.3]) have defective membrane
expression with normal NOTCH2-binding ability while a
third (c.1991G>C [GenBank: NM_000214.3] [p.Cys664Ser])
shows reduced, but not incomplete, membrane expression
with normal NOTCH2-binding ability.">*”** The fourth
variant, c.821G>A (GenBank: NM_000214.3) (p.Gly274Asp),
which is included in our SSVL, also has reduced membrane
expression but with defective NOTCH2-binding.'>'” In
our assay, c.821G>A (p.Gly274Asp) has a low membrane
expression score; however, it is above the threshold set for
abnormal, which likely indicates reduced membrane
expression.'” These discrete functional differences give
insight into the complex biology underlying the struc-
ture/function relationship for JAG1. Moreover, this high-
lights a limitation of our assay (measurement of only one
of two critical functions of JAG1), providing rationale for
the presence of pathogenic variants with membrane expres-
sion scores that are higher than our abnormal threshold.
Additional limitations, including an inability of our assay
to identify effects from cryptic splice variants due to its uti-
lization of cDNA overexpression and an inability to identify
variants that are only defective in NOTCH2-binding,
oppose utilization of ACMG evidence toward a benign ef-
fect on protein function (BS3) during clinical classification
for variants that do not score as abnormal. Additional
MAVEs designed to test the NOTCH2-binding ability of
JAG1 variants and/or expansion of the membrane expres-
sion assay to include additional regions of JAG1, thereby
incorporating more controls, will increase the functional
resolution of variants.

We were surprised by the number of synonymous
changes that resulted in abnormal (n = 16; 2.5%) or likely
abnormal (n = 31; 4.9%) membrane expression (n = 638
total). Rates of 12%-15% of synonymous variants with
abnormal function from other MAVEs have been re-
ported,®>°® but these are from assays using minigenes
that were able to detect splicing effects. Our lower rate of
7.4% abnormal synonymous variants likely reflects the
fact that our cDNA assay is not able to capture abnormal
splicing events and suggests that effects beyond splicing
could impact protein function for synonymous variants.
RNA secondary structure can impact protein function
through various capacities, including effects on splicing,
translation efficiency, mRNA abundance, and protein
folding.®”°® Utilization of a non-optimal codon (“codon
bias”) for a given aa can alter the speed of translation,
which is often coupled to protein folding.®” Similarly, the
folding energy of RNA can impact translation speed, with
more stable RNAs requiring more energy to unfold before
translation initiation.®”’® Thermodynamic modeling of
the lowest scoring synonymous variant in our assay
(c.624A>G [p.Gly208=]; codon GGA>GGT) suggested
there was a difference in the base pair probability of the
5! terminus compared to utilization of the WT codon, sug-
gesting that codon optimality may impact downstream
JAG1 protein folding and could be a pathomechanism
for some synonymous variants. A recent report identified
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over 50 human diseases that are associated with synony-
mous variants.”* To date, there has been only one reported
synonymous JAGI variant associated with ALGS that is
predicted to affect splicing,'” although nine synonymous
VOUSs have been reported in ClinVar. Of these nine,
only one had likely abnormal expression in our assay
(c.711C>T [GenBank: NM_000214.3] [p.Gly237=]). Given
the paucity of ALGS disease-causing synonymous
variants, we elected to keep this variant as a VOUS rather
than upgrade it to likely pathogenic. These data suggest
that additional studies should be performed to resolve
the effect of synonymous change on JAG1 function and
disease.

The diagnostic impact of our variant effect data is
evident by its consequence on the reclassification of 26
out of 144 VOUSs, identified through our phenotypically
curated ALGS research cohort and ClinVar, to likely path-
ogenic. The high incidence of the remaining ClinVar
VOUSs with normal membrane expression data (n =
115; 82.7%) likely highlights both the limitations of our
assay as well as the presence of benign variants within
this classification due to the phenotypic diversity and
frequent misclassification of this population. Indeed, re-
analysis of 26 JAG1 variants implicated in other diseases,
which included biliary atresia (n = 4, 15.4%), the most
common cause of liver disease in children, showed that
all had normal membrane expression scores, supporting
the utility of strict clinical phenotyping when interpret-
ing JAG1 variants.

Conclusions

The variant effect data for JAG1 membrane expression
presented here will improve ALGS diagnostics. Extension
of our membrane expression workflow will have general
applicability to better understand the ~5,000 transmem-
brane proteins that are associated with disease.’® The
translation of our data into useable functional evidence
and our analysis on the structure/function differences
associated with aa gain versus loss provides critical guid-
ance for clinical variant interpretation. Moreover, we
have proposed recommendations for both reconsidering
the weight of the ACMG classification criterion applied
for novel missense changes at aa residues where a
different pathogenic missense variant has previously
been seen (criterion PMS5) and for investigating a possible
role for synonymous variants in disease pathogenesis.
Although we highlight an immediate effect on 26 previ-
ously classified ALGS-associated VOUSs, novel missense
variants are continuously identified, and typically classi-
fied as uncertain, thus we expect this to be a gross
underestimate in the clinical actionability of our dataset.
Utilization of this dataset as a prospective repository of
functional evidence will enhance clinical variant classifi-
cation of novel missense variants when they are first de-
tected in children with ALGS, improving clinical care
and reducing the distress that accompanies an uncertain
diagnosis.
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MaveDB: https://www.mavedb.org/#/, a public repository
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