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Abstract

Purpose: YKT6 plays important roles in multiple intracellular vesicle trafficking events but has
not been associated with Mendelian diseases.

Methods: We report 3 unrelated individuals with rare homozygous missense variants in YK76
who exhibited neurological disease with or without a progressive infantile liver disease. We
modeled the variants in Drosophila. We generated wild-type and variant genomic rescue constructs
of the fly ortholog d'Ykt6 and compared their ability in rescuing the loss-of-function phenotypes in
mutant flies. We also generated a ¢ Ykr6/<072kGAL4 g||ele to assess the expression pattern of @ Ykt6.

Results: Two individuals are homozygous for YK76[NM_006555.3:¢.554A>G p.(Tyr185Cys)]
and exhibited normal prenatal course followed by failure to thrive, developmental delay, and
progressive liver disease. Haplotype analysis identified a shared homozygous region flanking

the variant, suggesting a common ancestry. The third individual is homozygous for YKT76
[NM_006555.3:¢.191A>G p.(Tyr64Cys)] and exhibited neurodevelopmental disorders and optic
atrophy. Fly dYkt6is essential and is expressed in the fat body (analogous to liver) and central
nervous system. Wild-type genomic rescue constructs can rescue the lethality and autophagic flux
defects, whereas the variants are less efficient in rescuing the phenotypes.

Conclusion: The YKT6variants are partial loss-of-function alleles, and the p.(Tyr185Cys) is
more severe than p.(Tyr64Cys).
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Introduction

Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARES) are key
proteins that function in mediating vesicle trafficking and membrane fusion by forming a
4-helix bundle with other SNARES and bridging the vesicle and target membranes to initiate
fusion.12 YKT6 (YKT6 v-SNARE HOMOLOG [MIM: 606209]) encodes a special SNARE
protein. Unlike most of the other SNAREs, YKT®6 lacks a C-terminal transmembrane
domain and cycles between the cytosol and cellular membranes.3 YKT6 plays multiple
functions in different membrane trafficking events, including endoplasmic reticulum to
Golgi transport, early/recycling endosome to frans-Golgi network transport, constitutive
secretory vesicles-plasma membrane fusion, and autophagosome-lysosome fusion.4-10

The roles of YK76and its orthologs in autophagy are conserved across species.

In mammalian cells, YKT6 mainly localizes to autophagosomes upon autophagy

induction where it forms a SNARE complex with SNAP29 and STX7 and functions in
autophagosome-lysosome fusion.”11 In Drosophila fat body cells, the dYkt6 protein mainly
localizes to lysosome where it forms a SNARE complex with Syx17 and Snap29.8 Despite
these differences, YKT®6 is a critical SNARE that mediates autophagosome-lysosome fusion
and is the only metazoan SNARE involved in this process that has a homolog in yeast.12
Additionally, YKT76plays a role in axonal autophagosome retrograde transport.13 In human,
YK T6 s ubiquitously expressed.14

Among the SNAREs that are involved in autophagosome-lysosome fusion, SNAP29
(MIM: 604202) causes autosomal recessive cerebral dysgenesis, heuropathy, ichthyosis,
and palmoplantar keratoderma syndrome (MIM: 609528).15-17 Other components of the
autophagosome-lysosome fusion SNAREs, including YK76, have not been previously
associated with Mendelian disorders in OMIM.

Materials and Methods

Molecular genetics

For individual 1, the exome sequencing and analysis was performed at the clinical laboratory
as previously described,8 and it was negative. Research reanalysis of the exome sequencing
data for family 1 was performed as previously described.19-20 For individual 2, the exome
sequencing was performed as part of clinical care in the Baylor Genetics lab. The analysis
was performed as previously described.21-22 For individual 3, quad (both siblings and both
parents) exome sequencing and analyses were performed based on previously described
method.2* Sanger sequencing was performed for variant confirmation and segregation
purposes.

For the haplotype analysis of individuals 1 and 2, variant calling was done
with Deep-Variant (V.1.5.0), and variants from chromosome 7 (hg38;NC_000007.14)
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with a Genotype Quality score =25 were used. The Bcftools (V.1.17) RoH tool

along with South Asian population allele frequency data from Genome Aggregation
Database (gnomAD) v2.1.1 release (with exome sequencing analyses of 15,308 South
Asian individuals) and the genetic map from the HapMap project (reformatted and

hosted at https://storage.googleapis.com/broad-alkesgroup-public/Eagle/downloads/tables/
genetic_map_hg38_withX.txt.gz) were used to identify the stretches of homozygosity on
chromosome 7, including the region flanking the YK 76 variant of interest.2>2% The
homozygous regions in the 2 affected individuals were compared and shared stretches were
identified (Supplemental Table 2).

Drosophila husbandry and generation of the dYkt6K0ZakGAL4 3jlele and genomic rescue

strains

The fly strains used in this study were either generated in house, obtained from the
Bloomington Drosophila Stock Center, or requested from other labs. The genotypes and
strain identifiers are provided in Supplemental Table 3 or described in the Materials and
Methods section. All the flies were raised and maintained on standard fly food at the
temperature indicated in each experiment.

The dYkt6/<022kGAL4 CRISPR-Mediated Integration Cassette (CRIMIC)

allele was designed and generated following the strategy described

previously,30 using sRNA1-GGCTGCCAAGACTGGGTCTGCGG, and sgRNA2-
GAGAGGATTAGCGTGTGGTGGGG.

The dYkt65R wild-type genomic rescue (GR) construct was generated by cloning a genomic
region of ~5.2 kb that covers dYkt6and parts of nearby genes into the pattB vector
(Drosophila Genomics Resource Center, #1420). The DNA sequence of the construct is
provided in the Supplemental Methods.

The variant GR constructs were generated by site-directed mutagenesis strategy using Q5
Hot Start High-Fidelity 2x Master Mix (NEB, #M0494S) and Dpnl/ restriction enzyme
(NEB, # R0176L). The following primers were used for mutagenesis:

For dYkt6CR-Y186C.

Forward: 5" -CAAGGCGTTCTGCAAGACGGCGAAAAAG-3’
Reverse: 5'-GCCGTCTTGCAGAACGCCTTGCTCTGC-3’

For o Ykt6CR-Y65C,

Forward: 5'- CAGGATGCCTGCATGTGTCATGTCTATGTG-3’
Reverse: 5'- CATGACACATGCAGGCATCCTGTTTCACCG-3’

All the constructs were sanger verified and injected, and each was inserted into the VK33
(PBac{y[+ J-attP} FVK00033) docking site using $C31-mediated transgenesis.31:32
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Drosophila behavioral assays

The climbing assay to assess the negative geotaxis and locomotion ability of the flies was
performed following previously described methods33:34 with some modifications. The flies
were isolated in an empty plastic vial, allowed to rest for 20 minutes, tapped to the bottom of
the vial, and allowed to climb for 15 seconds. The maximum distance from the bottom to the
top of the vial was set at 18.5 cm.

For the lifespan assay, flies were raised at 25 °C, and newly eclosed male flies were
collected and maintained at 29 °C (10 flies per vial). The flies were transferred to a new vial
and the number of dead flies was counted every 2 days.

Generation of dYkt6 RNAI flippase-out clone

aYkt6 RNAI clones in fat body were generated by crossing UAS-dYkt6 RNA/ lines

to y w hsFlp, UAS-Dcr-2; pmCherry-Atg8a; Act> CD2>GAL4, UAS-nlsGFP/TM6B3® or
hsFlp, UAS-Dcr-2; Act>CD2>GAL4, UAS-nIsGFP/TM6B.3637 The CDZ cassette inserted
between Actin promoter and GAL4 sequence is flanked by FRT sites. The flies were kept at
29 °C to induce spontaneous Flippase expression that removes the CDZ insertion to activate
Act-GAL4 and drive the expression of dYkt6 RNAJjin GFP-marked cells.

Immunofluorescence

Fly tissues were dissected in x1 phosphate-buffered saline (PBS) and fixed in 4%
paraformaldehyde. For the larval tissues, fixation was at room temperature for 20 minutes.
For the adult brain, fixation was at 4 °C overnight. For antibody staining, samples were
penetrated in Triton X-100 in PBS (PBST, 0.1% for larval tissues, 2% for adult brains),
blocked in 5% bovine serum albumin or 5% normal goat serum, and incubated with primary
antibody at 4 °C overnight (2 nights for anti-cleaved Caspase-3). Samples were washed with
0.1% PBST (3 x 10 minutes) and incubated with secondary antibody for 2 hours at room
temperature and washed in 0.1% PBST (3 x 10 minutes). Larval central nervous system
(CNS) and adult brain were mounted in Rapiclear (Cedarlane, #RC147001), and other
larval tissues were mounted in Vectashield (Vector Labs #H1200 and #H1000). Primary
antibodies are rat anti- Drosophila Elav (1:250, Developmental Studies Hybridoma Bank
[DSHB], #7E8A10), mouse anti- Drosophila Repo (1:50, DSHB, #8D12), rabbit anti-Ref(2)P
(1:500, Abcam, #ab178440), and rabbit anti-cleaved Caspase-3 (Asp175) (1:150, Cell
Signaling Technology, #9661S). Secondary antibodies are goat anti-rat-647 (1:250, Jackson
ImmunoResearch, #112-605-003), goat anti-mouse-Cy5 (1:250, Invitrogen, #A10524),

and goat anti-Rabbit (1:250, conjugated to Alexa 488 or Cy3, Jackson ImmunoResearch
#111-545-003 and #111-165-144, respectively). The images were obtained with confocal
microscopes (Leica SP8X and Zeiss LSM 880 Airyscan) and processed using the ImageJ
software.38

Immunoblotting
Western blots were performed following previously described methods3? with some
modifications. The fly adult heads were homogenized on ice in radio-immunoprecipitation
assay buffer (Thermo Fisher, # 89900) supplemented with ethylenediaminetetraacetic
acid and protease inhibitor cocktail (GenDEPOT, # P3100-001) at 50 pl per 5 heads.
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Isolated lysates were heated in an appropriate volume of Laemmli buffer (Bio-RAD,
#1610747), loaded onto gels (Bio-RAD, # 456-1094), separated by sodium dodecyl

sulfate polyacrylamide gel electrophoresis, and transferred onto polyvinylidene difluoride
membranes (Millipore). Membranes were incubated with primary and secondary antibodies,
and signal was revealed using Supersignal chemiluminescent substrate (Thermo Fisher,

# 34580). Primary antibodies are rabbit anti-Ref(2)P (1:500, Abcam, #ab178440), rabbit
anti- Drosophila Atg8 (1:1000, gift from Dr. Linda Partridge), and mouse anti-alpha-
Tubulin (1:5000, DSHB, #AA4.3). Horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch, # 111-035-144 and # 115-035-146) were used at 1:5000.

Individuals with homozygous variants in YKT6 exhibit neurological disorders with or
without hepatic issues

Here, we report 3 unrelated individuals with homozygous rare missense variants in YK76
who exhibited overlapping neurological symptoms and, in 2 infants, progressive cholestatic
liver disease evolving to micronodular cirrhosis with development of hepatocellular
carcinoma in 1. The pedigrees of the 3 families are shown in Figure 1A.

Individual 1 was born at term with a birth weight of 3401 g (40th percentile) and was
without medical concerns until 4 months of age when failure to thrive became apparent.
Growth failure persisted despite oral feeding supplementation, with weight zscore —3.3

at 7 months of age. At 6 months, laboratory studies demonstrated elevated alkaline
phosphatase >2330 U/L (normal 45-117 U/L), total bilirubin 42.76 pmol/L (2.5 mg/dL,
normal <1.0 mg/dL), Aspartate aminotransferase (AST) 285 U/L (normal 15-37 U/L),

and alanine aminotransferase (ALT) 61 U/L (normal 16-61 U/L). Conjugated bilirubin
was elevated since birth DOL (day of life) 3: 11.97 umol/L (0.7 mg/dL), DOL 4: 23.95
pumol/L (1.4 mg/dL, newborn range: 0-0.6 mg/dL), 2 months of age: 10.26 pmol/L (0.6
mg/dL), 8 months of age: 11.97 umol/L (0.7 mg/dL, range 0.1-0.5 mg/dL). Gamma-
glutamyltransferase (GGT) was normal at 8 months of age: 53 U/L (hormal 15-85 U/L).
At 7 months, a liver ultrasound demonstrated coarse echotexture of the liver parenchyma
and high resistance flow in the hepatic artery, suggestive of parenchymal liver disease.

He was delayed in achieving his gross motor milestones, first sitting independently at

8.5 months. He stopped breathing and died at 9 months of age while enroute to an

urgent care facility for symptoms including fussiness and dark urine. An autopsy showed
micronodular cirrhosis, ascites, mild splenomegaly, and an atrophic thymus. As shown in
Figure 1B, the paraffin sections of formalin fixed liver biopsy sample showed massive
swaths of collapsed parenchyma in which regenerative tubules were intermixed with a
mononuclear cell infiltrate and nodules of surviving hepatocytes. Progressive local loss of
hepatocytes within parenchymal nodules was associated with mononuclear inflammatory
infiltrate, prominent ceroid pigment granules in the cytoplasm of regressing hepatocytes and
aggregates of pigment-laden Kupffer cells. Generalized zones of parenchymal collapse and
nodular regeneration of residual parenchyma, which are features of early cirrhosis, coexisted
with signs of ongoing hepatocyte degeneration and loss. A small subcapsular, galeal tissue
hemorrhage over the right parietal bone was seen, likely due to a clotting factor deficiency
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secondary to liver dysfunction. There was no family history of liver disease, autoimmune
disease, or other genetic disorders. Trio exome sequencing identified a rare homozygous
missense variant ¢.554A>G p.(Tyr185Cys) in YKT6in the proband. This variant is absent

in gnomAD (v2.1.1) and EXAC,2540:41 TOPMED,*2 greater Middle East variome,*3 and
IndiGenomes population databases** and seen at a very low allele frequency in heterozygous
individuals in gnomAD (v4.0.0; allele frequency 0.000004105).41

Individual 2 was born at 36.5 weeks of gestation with a birth weight 2500 g (4th percentile).
Development was unremarkable at 2 and 4 months, but weight gain was poor, with a
weight z-score of —2.2 at 4 months of age. Following a mild acute respiratory illness (later
diagnosed as cytomegalovirus) at 5 months of age, he was admitted to the hospital for
new-onset seizures and was found to have a severe coagulopathy (international normalized
ratio of 6) with right parietal lobe intraparenchymal hemorrhage. Vitamin K infusion
significantly improved the coagulopathy, indicating that vitamin K malabsorption associated
with chronic cholestasis likely played a major role in the severity of the coagulopathy.

AST, ALT, and conjugated bilirubin were elevated, but GGT was mostly normal (<100 U/L)
on multiple rechecks after hospital admission. Abdominal ultrasound revealed multiple,
small lesions throughout the liver, and serum alpha-fetoprotein level was 22.8 ug/L (22,800
ng/mL, normal up to 12 ng/mL). Targeted liver biopsy revealed micronodular cirrhosis,

and lesional tissue was consistent with a regenerative nodule. He was subsequently listed
for liver transplant because of decompensated cirrhosis. Serum alpha-fetoprotein levels
remained elevated, and a magnetic resonance imaging (MRI) performed at 10 months of
age revealed multiple regenerative nodules and a single sub-centimeter suspicious lesion
with arterial phase hyperenhancement in the right hepatic lobe worrisome for hepatocellular
carcinoma. He underwent liver transplant at 1 year of age, and the explanted liver
demonstrated numerous, diffuse regenerative and dysplastic nodules and numerous foci

of hepatocellular carcinoma (Figure 1C), consistent with cirrhotomimetic hepatocellular
carcinoma, which has not been previously described in a pediatric patient.*® The child has
had an unremarkable post-transplant course and has not had cancer recurrence or additional
seizures at 5.5 years of age but has significant verbal and motor developmental delays.
Neurology evaluation at 4.5 years of age noted mild spastic left hemiparesis, excessive gag
reflex, photophobia, probable phonophobia, and stereotypies with gratification phenomenon.
He needed assistance in eating with utensils, could walk fast but not run, and was able to
speak a few phrases but otherwise mostly single words and gibberish speech. He is socially
interactive and makes good eye contact and attends a school for children with special needs.
Trio exome sequencing identified a homozygous ¢.554A>G p.(Tyr185Cys) variant in YKT6.
There is no known parental consanguinity or family history of liver or neurodevelopmental
disease.

Individual 3 was previously included in a cohort of individuals with neurological
manifestations (Index BAB5177).24 His parents are first cousins from Turkey, and he
has a sibling (BAB5176) who also has neurological issues. BAB5177 was mildly
delayed at 8 months based on the Denver Developmental Screening Test.#6 He showed
developmental regression and died at the age of 15 years because of lung infection.

He had severe neurodevelopmental delay and was nonverbal and non-ambulatory. He
had cerebellar and brainstem atrophy (Figure 1D). There was no record of liver disease.
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Exome sequencing previously identified a likely pathogenic homozygous variant in OPAZ
(NM_130832.3:¢.814C>T p.(Arg272Trp)) in this child and his similarly affected sibling.
They both exhibited optic atrophy and neurodevelopmental delay. BAB5177 is also
homozygous for a missense variant in YK76 (NM_006555.3:¢.191A>G p.(Tyr64Cys)) and
had more severe developmental delay and hypotonia than his sibling, who is heterozygous
for the YK T6 variant. This YK 76 variant is observed in gnomAD (v4.0.0)254L in
heterozygous individuals at a frequency of 6.08e—4. The genetic and clinical features are
summarized in Table 1 and detailed clinical reports of the affected individuals are provided
in the Case reports in Supplemental Materials.

The pLI score of YKT6based on gnomAD (v4.0.0)2541 js 0.46 (o/e = 0.39), and there

are several splice, stop-gain, or frameshift alleles present in the reference population, but
none of these individuals are homozygous. The YK76 missense variants identified from the
affected individuals have high Combined Annotation Dependent Depletion scores*’ and are
predicted to be deleterious based on multiple pathogenicity predictions*8-52 (Table 1).

Haplotype analysis indicates that the YKT6 p.(Tyr185Cys) variant seen in individuals 1 and
2 likely originated from a common ancestor

Both family 1 (Jacobite sub-sect) and family 2 (Marthoma sub-sect) are of Syrian Christian
ancestry originating from the state of Kerala in Southern India. The parents, although
unrelated, carry the same heterozygous YK76 variant ¢.554A>G p.(Tyr185Cys). Haplotype
analysis using single-nucleotide variants from the exome sequencing data, in a region on
chromosome 7 flanking YKT6, revealed a stretch of homozygous shared variants spanning
1.3 Mb from Chr7:42912211-44220802 (hg38) in the 2 affected unrelated individuals,
indicating a common ancestor (Figure 1E, Supplemental Table 2). The data imply a founder
variant within the Syrian Christians who later split into multiple sub-sects, including the
Marthoma Syrian Christian Church and the Jacobite Syrian Orthodox Church53 (for more
information about the history of the Syrian Christians, see Web Resources).

The fly ortholog dYkt6 is essential

To functionally assess the 2 YK76 missense variant alleles, we performed experiments

in Drosophila. The sole fly ortholog of human YKT6is Drosophila Ykt6 (dYkt6) with

a high Drosophila RNAi Screening Center Integrative Ortholog Prediction Tool (DIOPT)
score of 16 out of 18 (DIOPT version 9.0).%* The encoded proteins are composed of
conserved domains, sharing 61% identity and 78% similarity. The Tyr64 and Tyr185
residues localize to the Longin domain and Synaptobrevin domain (also known as SNARE
core domain) of human YKT®6, respectively (Figure 2A), and both amino acid residues are
conserved in dYKT®6 (Figure 2B). Multiple fly strains of dYKT76 are available including
several loss-of-function alleles (Figure 2C). dYkt6/C8%] carries a P-element insertion in
the 5’UTR region of dYkt6and is lethal at the L1 stage.?® o Ykt6-1629 carries a missense
allele affecting a residue in the SNARE core domain and causes pupal lethality. It was
isolated in a forward genetic screen aimed to identify genes required in the nervous
system.%8 We also generated a CRIMIC allele o' Yk16/<028kGAL4 by replacing the entire
coding sequence of d'Ykt6with a Kozak-GAL4 cassette and a dominant marker,30 creating
a null allele that allows assessment of complete loss-of-function phenotypes, as well as
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the gene expression pattern in combination with the GAL4/UAS system (Figure 2C).
aYkt607akGAL4 cqyses ethality at the L1 stage. Hence, the allelic series from most to

least severe are: o Ykt6K028KGALY > oy kt/G508] > oy kt6-1629. Note that dYkt6is on

the X chromosome and lethality of the hemizygotes/homozygotes/transheterozygotes of

the 3 alleles can be fully rescued by introducing a ~73 kb P(acman) genomic rescue
construct (Dp(1,3)DC495,PBac{DC495}VK00033, abbreviated as Dp)°’ that covers dYkt6
and several nearby genes or partially rescued by introducing a smaller 5 kb genomic rescue
construct (¢ Ykt6CF, abbreviated as GR) that only covers o Ykz6 (Figure 2D). These data
show that dYkt6is an essential gene required for normal development and that the lethality
caused by the dYkt6 alleles are, indeed, due to the specific loss of dYkz6.

dYkt6 is expressed in the fat body and CNS, analogous to the vertebrate liver and CNS

Because the affected individuals present with hepatic and neurologic defects, we explored
the expression pattern of dYkz6in the fat body and central nervous system. The fat body

in flies is analogous to the human liver and has been used to study hepatic diseases.>8-60
We crossed d'Ykt6K02kGAL4 fies with UAS-mCD8::RFP (membrane-bound RFP) flies to
label the dYkt6-expressing cells in heterozygous female progeny (o Ykt6<028kGAL4y - (AS-
mCD8..RFP/) because we have previously shown that this approach reflects the expression
pattern of genes.81-63 As shown in Figure 3A, dYkt6is expressed in all the fat body cells

of 3rd instar larvae (left panel). In the larval CNS, we observe expression in the mushroom
bodies, the optic lobes, and the neuropils of the central brain and ventral nerve cord (Figure
3A, middle panel). In the adult brain, the mCD8::RFP signal is detected in the mushroom
bodies, optic lobes, and antennal lobes. We also observed punctate RFP-positive structures,
which may correspond to glia cells (Figure 3A, right panel). To identify the cell types

that express @Ykz6in the CNS, we crossed o Ykt6<0ZkGAL4 fies with UAS-mCherry.nls
(nuclear-localized mCherry) flies and stained the brain tissues of heterozygous female
progeny (dYkt6<028kGAL4yy.-- AS-mCherry.nls/) with the nuclear pan-neuronal marker
Elav or glial marker Repo. The mCherry signals partially overlap with Elav, as well as Repo
(Figure 3B), showing that dYkt6is expressed in the neurons and glia in both the larval CNS
and adult brain.

The dYkt6 variants are less efficient in rescuing loss-of-function phenotypes in mutant
flies, and the rescue ability suggests that the p.(Tyr185Cys) variant is a more severe
hypomorph than the p.(Tyr64Cys) variant

Given the conservation of the affected amino acids, we induced the missense variant p.
(Tyr186Cys) in the 5kb @ Ykt6CF construct and generated the o Ykt6GR-Y186C transgenic
flies (Figure 2C) to model the human YK76 p.(Tyr185Cys) variant. As shown in Figure
4A, heterozygous female flies carrying the o Ykt6 mutant alleles were crossed with male
transgenic flies that carry wild-type or variant GR constructs. The wild-type o Ykt6°<
rescues the lethality associated with the o Ykr6-1629 allele at ~90% of the expected
frequency. In contrast, o Ykt6°R-Y186C rescues the o Ykt6-162€ allele at ~40% (Figure 4B,
left panel). Moreover, the @ Ykt6-1629 flies rescued by o Ykt6GR-Y186C gre not healthy and
exhibit locomotor defects (Figure 4C), as well as severely reduced lifespan (Supplemental
Figure 1A), compared with the flies rescued by the wild-type o Y4t6°. Hence, these data
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indicate that the corresponding human YKT76 p.(Tyr185Cys) is a partial loss-of-function
variant.

To assess the function of the p.(Tyr64Cys) variant, we created @ Ykt6C7-Y65C transgenic flies
and tested the variant in the ¢ Yk#6-1629 mutant background. In contrast to o Ykt6GR-Y186C,
the dYkt6R-Y05C rescued the lethality, locomotion, and lifespan of the o Ykt6-1629 mutants
and exhibited no discernible differences from the wild-type o Y4t6°F in these assays (Figure
4B left panel, Supplemental Figure 1A and B). We therefore tested the GR constructs in
more severe @ Ykt6 mutants. The o Ykt6R-Y186C parely rescues the lethal phenotype (<5%)
associated with @ Ykt6/G8%] whereas the dYkt6CGR-Y65C partially rescues the lethality of
aYkt6/G5%] (~40%) when compared with the wild-type @ Ykt6°F (~80%) (Figure 4B, right
panel). These data indicate that both variants affect the function of dYkt6and that the
corresponding human YK76p.(Tyrl85Cys) variant is a more severe hypomorph than the
p.(Tyr64Cys) variant.

Previous studies have shown that YK 76 and its orthologs play important roles in autophagic
flux.”64 In fly fat body cells, loss of @Ykz6 leads to accumulation of Atg8a and Ref(2)P.8:6
Atg8a is the fly homolog of mammalian ATG8/LC3, which is a marker for autophagosome
formation. Ref(2)P is the fly homolog of mammalian SQSTM1/p62, an autophagic cargo
adaptor that binds other target cargos for autophagosomal degradation, and it is typically
accumulated when the autophagic flux is impaired.6%66 RNAi-mediated Yk?6 knockdown
in the fat body cell clones (see Methods) causes accumulation of mCherry-Atg8a™ vesicular
structures and Ref(2)P* puncta in the cells expressing the dYkt6 RNAJ (Supplemental
Figure 2). These results confirm that loss of o Ykt6 affects autophagic flux in the fat body
cells and provides an assay to test the variants.

To assess the functional impact of the variants, we compared the ability of the wild-type

5 kb GR construct versus the variant constructs in rescuing the Ref(2)P accumulation
phenotype of the a'Ykt6 mutant flies. High levels of Ref(2)P are observed in the fat body
cells of dYkt6-162Q mutant flies upon starvation-induced autophagy (Supplemental Figure
2B). The o Ykt6-1629 mutant flies rescued by the wild-type GR construct do not cause
Ref(2)P accumulation. However, in the presence of @ Ykt6GR-Y186C, there is an obvious
accumulation of Ref(2)P. Moreover, elevated levels of Ref(2)P are also detected in adult
head samples of o Ykt6CR-Y186C hased on immunoblotting analysis (approximately 1.25-fold
change compared with wild-type Y46, Figure 5B), suggesting that o Ykt6CR-Y186C s 3
loss-of-function variant that causes phenotypes both in fat body and brain.

The accumulation of Ref(2)P may result from impairment of any step of the autophagic flux,
including the formation of autophagosome, the fusion of autophagosome and lysosome,

and the degradation of autolysosome contents.®” We hence analyzed the immunoblotting of
Atg8a and its conversion (Atg8a-1 to Atg8a-I1), which is a reliable indicator of autophagy
initiation.58 Upon autophagy induction, the cytosolic Atg8a-I undergoes lipidation and is
converted to the membrane-tethered Atg8a-11, which is presented on the inner and outer
autophagosome membranes. The Atg8a-11 on the inner membrane is degraded after fusion
of autophagosomes with lysosomes. As shown in Figure 5B, the o Ykt6-162Q mutant flies
rescued by o Ykt6CR-Y186C exhibit approximately a 2.5-fold increase in Atg8a-I1 levels
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and a 5.5-fold increase in the Atg8a-I11/Atg8a-1 ratio when compared with the mutant flies
rescued by wild-type dYkt6%F. Hence, the dYkt6CR-Y186C yariant leads to an abnormal
accumulation of Ref(2)P, elevated Atg8a-11 levels, and an increased Atg8a-I to Atg8a-I1
ratio. These data argue that the autophagic phenotypes are not due to the autophagy
initiation steps but rather result from impairment in fusion of autophagosome with the
lysosomes or the degradation of the content.

The impact of the o Yk166R-Y65C variant on autophagy was assessed in the o Ykr6/G5%8/
mutant flies. As shown in Figure 5C, dYkt6°R-Y65C is less efficient in reducing the Ref(2)P
accumulation in the fat body cells when compared with wild-type @ Yk26¢F (Figure 5C),
suggesting that o Ykt667-Y65C is a mild loss-of-function allele.

Given that impaired autophagy can trigger apoptosis®® and increased cell death is observed
in the brains of flies with autophagy defects,’%71 we assessed the levels of apoptosis in

the adult brain of @dYkt6 mutants. As shown in Supplemental Figure 2C, the 20-day-old
aYkt6-162Q mutant flies rescued by o Ykt6GR-Y186C exhibit a high level of apoptosis in
brains when compared with those rescued by wild-type dYk#6%7. In contrast, o Ykt6CR-Y65C
causes only a mild increase in apoptosis (Supplemental Figure 2C). In summary, these

data corroborate the previous findings that the 2 YK76 variants are hypomorphic and the
p.(Tyr185Cys) variant is a more severe hypomorph than the p.(Tyr64Cys) variant.

Discussion

YKTG6 is a special SNARE that has no transmembrane domains but instead contains a
“CCAIM” motif at its C terminus. Previous studies demonstrated that the lipidation state
of the cysteine motif is important to the localization and function of YKT6. One model is
that YKTG6 cycles between the cytosolic and membrane-bound states (Supplemental Figure
3A), which is facilitated by the irreversible farnesylation at the second cysteine and the
further reversible palmitoylation at the first cysteine.’2:"3 Cytosolic YKT6 is autoinhibited
in a closed conformation with the N-terminal Longin domain folding back onto the C-
terminal SNARE core domain and forming a hydrophobic groove that masks the farnesyl
moiety.3:7475 Once activated, YKT6 switches to an open conformation and is recruited

to the membrane, where it associates with the membrane through the exposed farnesyl
moiety and is further stabilized at the membrane by the palmitoyl moiety.”® The membrane-
anchored YKT®6 can interact with other SNARE components to mediate membrane fusion,
after which it is released from membranes and regains the inactivated closed conformation
in the cytosol.10 Another model revealed by a recent study suggested that YKT6 is doubly
prenylated with a farnesyl group attached to the second cysteine and a geranylgeranyl
group subsequently attached to the first cysteine. The double prenylation is essential for the
function of YKT6 as a Golgi SNARE.”6 Wen et al’’ crystalized the rat YKT6 protein and
found that the Tyr64 and Tyr185 residues are at the interface of the Longin/SNARE core,
which is critical for the conformational switch that regulates the subcellular localization
and activation of YKT6. The authors generated Tyr to Glu substitution at the variant
residues (Tyr64Glu and Tyr185Glu, respectively) and found that the mutant proteins have a
more open conformation compared with wild-type YKT6. The mutant proteins are more
membrane-bound in HeL a cells and show enhanced binding affinity with the cognate
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SNAREs,’7 suggesting that these 2 residues play important roles in the regulating the
function of YKT®. It is interesting that the 2 variants identified from the probands are

both Tyr to Cys substitution. The Cys residues could lead to aberrant disulfide formation
and abnormal intramolecular interaction. We used AlphaFold?879 to predict the 3D protein
structures and label the p.(Tyr64Cys) and p.(Tyr185Cys) variants. The models indicate
that these variants cause local differences in protein structures (Supplemental Figure 3B).
Tyrl85Cys mutation can potentially disrupt the intracellular interactions between Tyr185
and nearby residues in the SNARE core (Leul67, Asp168, and Arg169) (Supplemental
Figure 3C), which may affect the stability of the SNARE core. The impact of Tyr64Cys
mutation is not obvious in this context (Supplemental Figure 3D).

We modeled the YKT6 variants in Drosophila by assessing the function of the corresponding
missense variants in fly oYkt6. Compared with the wild-type genomic rescue construct
adYkt6CF, the dYkt6CR-Y186C exhibited very limited rescue ability in all of the tested rescue
assays. However, dYkt6CR-Y65C can be distinguished from the wild-type @ YAt66F when
the function of the endogenous d'Ykt6 is strongly lost. The results of our functional assays
argue that the 2 missense YKT6 variants are hypomophic alleles with different severity.
The clinical manifestations of the probands align with these observations. The 2 individuals
with the p.(Tyr185Cys) variant exhibited neurological, as well as hepatic issues, whereas
the individual with the p.(Tyr64Cys) variant exhibited mainly neurological disorders. It is
possible that some symptoms observed in the affected individuals are due to a secondary
effect. Nonetheless, our work indicates that different tissues exhibit different requirement
and sensitivity of YKT76 function.

In summary, we report 3 individuals with homozygous missense variants in YK76 who
exhibit neurological disorders with or without severe infantile liver disease, and the
affected individuals with hepatic dysfunction carry a risk for development of hepatocellular
carcinoma (which occurred in 1 infant). The YK76 p.(Tyrl85Cys) variant seen in the 2
unrelated families originated from the largely endogamous Syrian Christian community of
Kerala, India, a group currently estimated to be comprising about 5 million individuals
worldwide, is a candidate for carrier screen in this population. In addition, our work suggests
that children diagnosed with YKT6 liver disease will need to be screened for hepatocellular
carcinoma. Our functional data strongly argue that the p.(Tyr185Cys) allele behaves as a
severe loss-of-function variant, whereas the p.(Tyr64Cys) behaves as a milder hypomorphic
variant allele that could also contribute to the symptoms. Additional patients along with
further studies will be required to precisely understand the pathogenesis and to identify
potential therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Three affected individuals have biallelic variantsin YKT6.
A. Pedigrees of the studied families. The individuals with homozygous YK76 variants

are affected. Individual 1 and 2 have the ¢.554A>G p.(Tyr185Cys) variant; individual
3 has the ¢.191A>G p.(Tyr64Cys) variant. The parents in family 3 are first cousins. B.
Liver histology of individual 1. B1. Liver parenchyma shows massive swaths of collapsed
parenchyma in which regenerative tubules are intermixed with a mononuclear cell infiltrate
and nodules of surviving hepatocytes. H&E stain x50. B2. Margin of large residual nodule
along the zone of collapse shows preserved hepatocytes in which reactive or regressive
features are rare. Interface inflammatory activity is lacking. H&E stain x200. B3. Upper
panel: Progressive local loss of hepatocytes within parenchymal nodules is associated
with mononuclear inflammatory infiltrate, prominent pigment granules in the cytoplasm
of regressing hepatocytes (arrowhead), and aggregates of pigment-laden Kupffer cells. The
pigment is interpreted as ceroid. PAS diastase stain x400. Lower panel: reactive enlarged
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hepatocytes have prominent nucleoli, occasional canalicular bile plugs (arrow), and focal
aggregates of ceroid pigment (arrowheads). PAS diastase stain x400. B4. Generalized zones
of parenchymal collapse and nodular regeneration of residual parenchyma, features of early
cirrhosis, coexist with signs of ongoing hepatocyte degeneration and loss. Reticulin stain
x25. C. Liver histology of individual 2. C1. Liver explant 203 g (expected for age: 288

g) cut surface with diffuse, variable sized nodularity ranging in size from less than 0.1 to
1.5 cm. C2. Liver parenchyma with nodules of hepatocytes surrounded by thick fibrous
bands without central veins. C3. Focus of hepatocellular carcinoma showing perinodular
sclerotic rim H&E stain x200. C4. Numerous diffuse regenerative and dysplastic nodules.
H&E stain x40. D. Brain MRI of individual 3. D1. Axial T2 MRI image showing enlarged
lateral ventricles and extraaxial space increase in the frontotemporal regions. D2. Midsagittal
T2 MRI image showing cerebellar atrophy and extraaxial space increase in the frontal
regions. E. Analysis of the SNPs on chromosome 7 revealed a shared contiguous stretch of
homozygosity (Chr7:42912211-44220802, hg38, 1.3Mb; SNPs /7= 100) including YKTB6,
in the 2 affected individuals from the unrelated families 1 and 2. For each individual, F
represents the family, and the 2 alleles are represented as 1 and 2. The YK76 variant seen in
the 2 families is shown in red (Chr7:44211117A>G, hg38).
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Mouse -MKLYSLSVLYKGDPKAVLLKAAYDVSSFSFFQRSSVQEFMTFTSQLIVERSGKGSRASV 59

Zebrafish -MKLYSLSVLHKGSTKANLLKATYDLSSFSFFQRSSVQEFMTFTSALIVERSALGSRASY 59
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Figure 2. YKT6 isevolutionally conserved and the fly ortholog is dYkt6.
A. Schematic of human YKT6 protein domains and the position of the variants identified

from the affected individuals. Domain annotation is based on the PROSITE database.

B. Alignment of YKTG6 and the homologous proteins. The Longin domain is in red,

the Synaptobrevin domain is in blue, and the CCAIM motif is marked in green. The 2
variants are marked with boxes. The variants affect the residues with conserved amino acid
across species. The following isoforms were used for alignment: NP_006546.1 (Human),
NP_113880.2 (Rat), NP_062635.2 (Mouse), NP_957386.1 (Zebrafish), NP_572423.1
(Drosophila), and NP_012725.1 (Baker’s yeast). C. Schematic of fly oYkt6 genomic span,
transcript, and the reagents, including a P-element insertion allele o Ykt6/G8%], a point
mutation allele dYk6-162Q, a CRIMIC allele o Ykt6X072kGAL4 3 73 kb duplication (Dp)
construct, a 5 kb genomic rescue (GR) construct (¢ Ykt6¢F), and 2 GR constructs that
carry the corresponding variants (¢ Ykt6CR-Y05C and o Ykt6CR-Y186C). D. The flies with

Genet Med. Author manuscript; available in PMC 2025 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

Page 21

hemizygous/ trans-heterozygous d'Ykt6 alleles are lethal. The lethality can be rescued by
either the Dp or the wild-type GR constructs.
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A dYkt6 is expressed in fly fat body and CNS

dYktgrozakeats> JAS-mCD8::RFP

Larval fat body Larval CNS Adult brain

100pum

B dYkt6 is expressed in a subset of neurons and glia

dYkt6rezakeats> (JAS-mCherry.nls
Larval CNS Adult brain

Figure 3. dYkt6 isexpressed in fly fat body and CNS, analogs of human liver and CNS.
A. The L3 fat body, larval CNS and adult brain of the ' Ykt6<028kGAL4 > (AS-CD8::RFP

(membrane-targeted RFP labeling the d'Y4z6 expressing cells in red) flies showing that
aYki6is expressed in both tissues. Nuclei are labeled by DAPI (blue). Scale bars, 50 pm

in the fat body image, 100 um in the CNS images. B. The larval CNS and adult brain

of the 0 Ykt6/<07akGAL4Y > (UAS-mCherry.nls (nuclear-localized mCherry labeling the dYki6
expressing cells in magenta) flies documenting the expression pattern of d'Yk#6in the

CNS. The tissues are costained with the pan-neuronal marker Elav or panglia marker Repo
(green). Higher magnification images of the regions indicated by dashed rectangles (1-5) are
shown. Several z-stack sections were processed. Scale bars, 50 um in the magnified larval
CNS images (1 and 2), 20 um in the magnified adult brain images (3, 4, and 5), and 100 pm
in other images.
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Figure 4. dYKT6CRY186C s 3 more severe hypomorphic allele than dYKT6CRYE5C,
A. The cross strategy of the lethality rescue experiments. Heterozygous female flies carrying

aYkt6 mutant alleles were crossed with male transgenic flies with wild-type or variant

GR constructs, or with the y w/Y flies (as a negative control). Based on Mendelian ratio,
the number of the d'Ykt6 mutant hemizygotes with GR constructs should be one-quarter

of the total number of progeny flies. B. Graph showing the observed/expected percentage
of the progeny flies. The ' Ykt6GR-Y186C construct is significantly less efficient than the
wilt-type o Ykt6CF in rescuing the lethality caused by the o Ykr6-1629 (left panel) or the
aYkt6/G808] (right panel) allele. The o Ykt6SR-Y65C construct can rescue the lethality caused
by the o' Ykt6-1629 allele (left panel) but only partially rescue the lethality caused by the
dYkt6lG5%] gllele (right panel). The flies were raised at 25 °C. Each dot in the graph
represents 1 independent cross. One-way ANOVA with Tukey’s multiple comparisons test,
*P< 05, ****P< 0001, mean + SEM. C. Climbing assay of dYkt6-1629 mutant flies
rescued by dYkt6°F or dYkt6CR-YI86C The climbing ability of the mutant flies rescued

by dYkt6CR-Y186C is significantly poorer than the ones rescued by wild-type dYkt6°F. The
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flies were kept at 29 °C and were tested 3 and 10 days after eclosion. Each dot represents 1
tested fly. Unpaired ftest, ***P < .001, ****P < .0001, mean £ SEM.
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A The dYkt6°RY"3C construct is less efficient in rescuing autophagy defects in dYkt6-622 mutant flies
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Figure 5. The YKT6 variantsidentified from the affected individuals are associated with
autophagic flux defects.

A. Fat body cells of the starved L3 larvae (feeding stage) were stained with the autophagic
cargo adaptor Ref(2)P (green). The dYkt6-1629 mutant hemizygotes with wild-type
dYkt6CF reduce the Ref(2)P level, whereas the ones with o Ykt6SR-Y186C stjll show Ref(2)P
accumulation. Nuclei are labeled by DAPI (blue). Scale bars, 20 um. For the quantification,
each dot represents 1 image as shown on the left. The average integrated density was
calculated for 5-7 cells randomly selected in each image. At least 3 animals were dissected
for imaging for each genotype. Unpaired #test, ***P < .001, mean = SEM. B. Immunoblots
of anti-Ref(2)P and anti-Atg8a of protein lysates from adult heads with quantification of
Ref(2)P/Tubulin ratio, Atg8a-11/Tubulin ratio, and Atg8a-11/Atg8a-I ratio. Different parts of
the blotting membranes were incubated with Ref(2)P or Atg8a antibodies. Subsequently,
the membranes were stripped and incubated with Tubulin antibody. Low-exposure images
were used for quantification. The eclosed flies were kept at 29 °C, and the heads were
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collected 18 to 20 days after eclosion. Each dot represents 1 biologically independent
samples. Unpaired ttest, **P< .01, ****P < .0001, mean £ SEM. C. Fat body cells of
the starved L3 larvae (feeding stage) were stained with Ref(2)P (green). The o Ykt6/G8%]
mutant hemizygotes with wild-type dY4#6°F reduce the Ref(2)P level, whereas the ones
with o Ykt6GR-Y65C cannot fully rescue the Ref(2)P accumulation phenotype. Nuclei are
labeled by DAPI (blue). Scale bars, 20 pm. For the quantification, each dot represents 1
image. The average integrated density was calculated for 5 to 7 cells randomly selected in
each image. At least 3 animals were dissected for imaging for each genotype. Unpaired ¢
test, **£ < .01, mean + SEM.
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