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N-terminal truncation of VAPA leads to disturbed membrane contact sites and syndromic
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Abstract

VAP proteins form membrane contact sites between the endoplasmic reticulum and other
organelles through their interaction with FFAT-containing proteins. These contact sites enable
coordinated lipid synthesis, transfer and metabolism in cells. However, their tissue-specific
functions remain largely unexplored. Here, we report the first patient with a homozygous
nonsense variant in the VAPA gene (p.(Glu12*)), exhibiting profound global developmental delay
and progressive surfactant dysfunction phenotype leading to cholesterol pneumonitis and
pulmonary fibrosis. . The variant leads to an N-terminal truncation with limited FFAT binding
capacity. In alveolar type-II cells of the lung, VAPA deficiency results in impaired lamellar body
formation. Specifically, we identified the pulmonary disease-associated protein ABCA3, which is a
key player for surfactant lipid buildup in lamellar bodies, as a new VAPA interactor. The VAPA-
ABCA3 interaction promoted lipid exchange within previously uncharacterized ER-LB MCS, a
function not supported by the N-terminal truncation. Altogether, our results identify
compromised VAPA-dependent MCS function as a disease mechanism for syndromic lung disease,

thereby revealing a new pathway for surfactant lipid trafficking.
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Introduction

Membrane contact sites (MCS) play a crucial role in facilitating non-vesicular transport of lipids,
calcium fluxes and various signaling events between organelles!-3. These sites are characterized
by the close apposition of two organelle membranes without fusion. Numerous protein families,
including the vesicle-associated membrane protein-associated protein (VAP) family, are involved
in this process*5. The VAP family comprises VAPA, VAPB, and motile sperm domain-containing
proteins 1-3 (MOSPD 1-3)67. These proteins share common features, including a C-terminal
transmembrane domain embedded into the endoplasmic reticulum (ER) membrane, and a
cytosolic N-terminal major sperm protein (MSP) domain. The MSP domain binds to specific motifs,
such as two phenylalanines in an acidic tract (FFAT), and FFAT-related motifs in other proteins8-
10, VAPA and VAPB (collectively referred to as VAPA/B) form MCS between the ER and nearly all
organelle-limiting membranes!®12. As reported in the IntAct database, VAPA/B have at least 350
interaction partners!3. A well-characterized MCS is between the ER and the trans-Golgi network
(TGN) mediated by the MSP domain of VAPA and the FFAT motif of Oxysterol-binding protein
(OSBP), which facilitates the exchange of cholesterol and phosphatidylinositol-4-phosphate
(PI4P)1415, Tissue-specific functions of VAPA and VAPB, and the MCS they participate in, remain
largely unexplored.

While pathogenic variants in VAPB cause amyotrophic lateral sclerosis (ALS)-type 8, as
well as a specific form of late-onset spinal muscular atrophy!617, VAPA variants have not yet been
associated with human diseases. Interestingly, complete VAPA deficiency is embryonic lethal in
mice, whereas deletion of VAPB is compatible with survival into adulthood!819. The difference in
the tolerance to the knockout of each of the paralogues could be due to the higher abundance of
VAPA in most tissues!?, so that its absence results in a larger reduction of the total VAP pool than
does VAPB deletion; alternatively or in addition, the different sensitivity could be due to the
existence of an essential function of VAPA that VAPB cannot carry out.

Here, we report the first patient with a homozygous nonsense variant in the VAPA gene.

The clinical picture is a severe multi-system disorder with a progressive lung disease with
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lipoproteinous alveolar filling developing into pulmonary fibrosis as predominant manifestation,
thereby suggesting an important role of VAPA in lung health. We show that the variant leads to
an N-terminal truncation deleting more than half of the MSP domain. This truncated MSP domain,
predicted to be unstable, exhibits limited capacity to bind FFAT motifs and form MCS. By
examining the role of VAPA in lamellar body (LB) formation and surfactant buildup in LBs of
alveolar type-2 (AT2) cells, we identified the membrane-spanning ATP-binding cassette

transporter A3 (ABCA3) as a new VAPA interactor. Overall, our study links a clinical case to a new

function of VAPA in lung cells, where it participates in the formation of previously uncharacterized

MCSs and in a lipid transport pathway that contributes to pulmonary surfactant homeostasis.

Results

Clinical description of the patient

The female patient was born to healthy non-consanguineous parents after an uncomplicated
pregnancy via secondary Caesarean section at term (41+1 weeks of gestational age) with low body
weight (2400 g, -2.70 SDS), height (47 cm, -2.37 SWD) and head circumference (32 cm, -2.48 SDS)
and normal postnatal adjustment (APGAR 10/10). At 2.5 months an ophthalmological
examination was performed because of lack of eye contact, which revealed congenital amaurosis
with abnormal retinal pigmentation and missing responses in electroretinogram. Cranial MRI
showed mild microphthalmia but no morphologic correlate for the impaired vision. Molecular
analysis for genes causing Leber congenital amaurosis did not reveal specific abnormalities. An
extensive work-up was initiated at the age of 3.5 years because of profound global developmental
delay (no speech, free sitting was possible, but no standing position), severe dystrophy (weight
8,4 kg, -5.23 SDS, height 82 cm, -5.03 SDS, BMI 12.49, -2.56 SDS) and progressive microcephaly
(head circumference 43,3 cm, -6.3 SDS). Physical examination showed facial dysmorphism (deep
set eyes with narrow interocular distance, low set ears, prominent nose, tent-shaped mouth,

microretrognathia), atopic dermatitis with perioral eczematous lesions (Figure 1A), severe
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muscular hypotonia with kyphosis of the thoracic spine and funnel chest, clubbing of fingers and
toes (Figure 1B) as well as mild hepatomegaly.

Laboratory showed increased aminotransferases and grossly elevated lactate
dehydrogenase (1019 U/L). Metabolic studies remained unremarkable, including sterols,

peroxisomal and lysosomal diagnostics. Abdominal echography revealed slight hepatomegaly

with inhomogeneous tissue and normal fibroelastography, splenomegaly and bilateral 2°
nephrocalcinosis. In the echocardiography, slightly increased right ventricular pressure (30 mm
Hg) was observed. As chest X-ray showed a fine reticular pattern pointing to interstitial lung
disease, high resolution chest CT revealed diffuse bilateral ground-glass opacities (GGO) with
inter- and intralobular septal thickening and reticulation (crazy paving pattern) (Figure 1C). A
diagnostic bronchoalveolar lavage (BAL) confirmed the diagnosis of pulmonary alveolar
proteinosis (PAP), revealing milky lavage return and abundant extracellular, PAS positive debris,
oval bodies and foamy macrophages on cytology. Therapeutic whole lung lavages were initiated,
the first five improved oxygenation and removed substantial protein from the lungs, however with
ongoing disease lavage efficacy was lost (Figure S1E).

Lipidomic analysis of lung lavage fluids was characteristic for PAP, including a marked
overall increase in total lipid mass compared to controls (Figures S1A and S1B). The main
surfactant lipid phosphatidylcholine (PC; mainly PC 32:0) was moderately reduced, whereas free
cholesterol (FC) was slightly increased (Figure 1D). By contrast, cholesterol ester (CE) levels were
remarkably high (mainly due to CE 16:0), accounting for more than 25% of total lipids in the BAL
(Figures 1D and S1A), which distinguished this case from typical PAPs. Histology showed lung
tissue with alveolar hypoplasia, many alveoli were filled with proteinaceous eosinophilic material
consistent with PAP but contained unusual large numbers of cholesterol clefts and foam cells.
There was interstitial fibrosis with increase in interstitial collagen and hyperplastic AT2
pneumocytes (Figure 1E). In a subset of AT2 cells, LB were of abnormal appearance. This was
confirmed and quantified by transmission electron microscopy (TEM), showing that 32.7% of all

LB in 150 AT?2 cells from five samples have amorphous dense cores that are rarely seen in control
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samples (Figures 1F and S1C). Large cholesterol clefts surrounded by cellular debris or
multilamellar lipid sheets were also observed in the alveolar space by TEM (Figure S1D).

The further course of the disease was complicated by increasing oxygen demand and
tachypnea (1.5 1/min to reach an oxygen saturation of 95 to 98%), which did not improve on high
dose corticosteroid therapy. Therapeutic whole lung lavages for PAP were less and less beneficial
due to a rapidly developing progressive pulmonary fibrosis which dominated the clinical course
(Figure S1E). Anti-inflammatory therapy with azithromycin and modulation of surfactant lipid
metabolism by consecutive administration of fish oil, rosuvastatin and PPARy activation by
pioglitazone could not prevent progressive global respiratory insufficiency, leading to death at the

age of 5.5 years due to sepsis and cardiac arrhythmia.

Exome sequencing identifies a homozygous VAPA variant

Exome sequencing identified a homozygous nonsense variant in the VAPA gene (c.34G>T;
p.(Glu12*)), which was confirmed by Sanger sequencing (Figure 1G). Segregation analysis
identified the variant in the mother in the heterozygous state (Figure 1G), while the father's DNA
showed a wildtype pattern. Trio exome analysis of chromosome 18 revealed isodisomy for the
VAPA-containing chromosome area 18p11.22-18q12.1, assuming a partial trisomy 18 after
meiotic crossing over with subsequent rescue and loss of the paternal chromosome in the first cell
division of the fertilized egg?021. In the isodisomy region no other disease-relevant variants were
detected apart from the VAPA variant, which was also found to be absent from population
databases (e.g. gnomAD). Moreover, in the exome analysis, no pathogenic variants in other genes
associated with PAP (SFPC, SFPB, ABCA3, NKX2.1, FOXF1, FLNA, CSF2RA, CSFZRB, GATAZ,

SFTPA1/2, SLC7A7, CCR2, IL3, STAT5B, MARS1, SMPD1, NPC1/2) could be found.

VAPA-Glul2* variant leads to N-terminally truncated proteins via downstream alternative

start codons
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To functionally validate the variant, primary skin fibroblasts were obtained through a skin biopsy.
First, the consequences of the VAPA-Glu12* variant were investigated on mRNA and protein level.
Typically, nonsense mutations before the last exon induce nonsense-mediated mRNA decay
(NMD), which prevents translation to protect cells from possibly harmful truncated proteins22.
Strikingly, however, no change in VAPA mRNA levels was observed in VAPA-Glu12* fibroblasts
compared to control fibroblasts, as assessed by qPCR (Figure 2A), indicating that the mutant
mRNA evades NMD. To study the effect on protein levels, Western blotting using protein lysate of
both control and VAPA-Glu12* fibroblasts was performed. Interestingly, VAPA-Glu12* fibroblasts
showed no band at the expected molecular weight for VAPA (28 kDa) but instead displayed a band
at a lower molecular weight (~18 kDa), along with a faint additional band detected at an even
lower weight (~16 kDa) (Figure 2B). The two bands did not match the protein fragment expected
from a translation up to the premature stop codon, which would produce a peptide of around 1
kDa. Moreover, they were visible with two antibodies with two different epitopes, arguing against
unspecificity. VAPB mRNA and protein levels were unaltered in the patient cells, suggesting no
compensatory upregulation (Figure 2B). Immunofluorescence (IF) labeling showed a diffuse ER
localization of VAPA in control and patient fibroblasts, while VAPB was mislocalized to distinct ER
subdomains in the patient cells (Figures 2C and S2C).

We hypothesized that the shorter VAPA form in the patient cells might stem from an
alternate start codon downstream of the mutation that reinitiates translation, giving rise to an N-
terminal truncated protein (Figure 2D). Based on the size of the VAPA protein fragment detected
in the VAPA-Glu12* fibroblasts, three possible in-frame start codons downstream of the mutation
were identified, hereafter referred to as M79, M96 and M109. Translation reinitiation at these
codons would yield truncated VAPA variants of calculated molecular weights of 19.4 kDa, 17.3
kDa, and 15.9 kDa, respectively. To test whether any of these start codons could generate the short
form of VAPA, wild-type (WT) VAPA and full-length VAPA cDNA from patient fibroblasts was
cloned into a plasmid carrying a 2xFLAG-tag and expressed in RPE-1 VAPA KO cells. Western blot

analysis of cell lysates with an anti-FLAG antibody revealed a distinct lower band when patient-
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derived cDNA was used, compared to WT cDNA, with a size shift corresponding to the one
previously observed with primary fibroblasts (Figure S2D). Moreover, an additional lower faint
band was visible, which was also detected in VAPA-Glu12* fibroblast lysate. As the 2xFLAG-tag is
C-terminal, this demonstrates that the C-terminal part of VAPA is still expressed. To prove that
these bands result from translation reinitiation at an alternate start codon downstream of the
VAPA-GIu12* mutation and to identify which codon specifically resulted in the truncated band,
the three possible downstream start codons were mutated to code for glycine instead of
methionine. The resulting plasmids were again used to transfect RPE-1 WT and VAPA KO cells,
which were consecutively analyzed by Western blotting (Figure 2E). While M96G did not affect
the band pattern, the expression of M109G led to the expression of multiple bands at even lower
molecular weights. The stronger upper band was absent in cells expressing the VAPA-Glu12*-
M79G transcript, indicating that M79 is the main alternative start codon. Analysis of the sequence
around this start codon confirmed that it matches the consensus Kozak sequence?3, except for
position +4, where there is a cytosine instead of the conserved guanine (Figure S2E).

In summary, these data suggest that the nonsense mutation VAPA-Glul2* leads to N-
terminal truncations mediated by the reinitiation of translation at the alternate, downstream start
codons M79 and, to some extent, M109. The most prominent fragment misses the amino acids 1-
78 (from here on termed VAPAA78). Since the MSP domain lies between amino acids 14 to 13124,
we hypothesized that VAPAA78 has a dysfunctional MSP domain while remaining anchored to the

ER membrane.

Molecular dynamics (MD) simulations predict an unstable MSP domain in VAPAA78 with
limited FFAT binding capacity

To gain structural and functional insights into the MSP domain of VAPAA78 (hereafter MSPA78),
we conducted in silico analyzes using molecular dynamics (MD) simulations. Compared with MSP
WT (PDB: 2RR3), which adopts a seven-stranded immunoglobulin-like § sandwich and one a

helix, the AlphaFold2-based model of MSPA78 is severely truncated, containing only two 3 strands
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and one o helix (Figure 3A). MSPA78 notably lacks the conserved VAP consensus sequence (VCS;
aa. 42-63), known to mediate FFAT binding?5. The MSPA78 model was simulated for 500 ns (in
120 mM NaCl, 310 K) and compared with MSP WT. Unlike MSP WT, MSPA78 underwent
pronounced structural rearrangements, producing a more compact molecule. Backbone Cq root
mean square deviation (RMSD) analysis revealed that this structural transition occurred within
the first 100 ns and indicated a reduced overall stability of MSPA78 compared to MSP WT (Figure
3A).

The VAPA MSP-FFAT complex is stabilized by electrostatic, hydrophobic, and hydrogen-
bond (H-bond) interactions?é, with a large positively charged MSP surface binding negatively
charged FFAT motifs (Figure 3B). By contrast, MSPA78 lacks a distinctive positively charged
region, which could compromise FFAT binding (Figure 3C). This prompted us to examine
interactions between MSPA78 and the archetypical FFAT motif of OSBP during simulation, and to
compare them with MSP WT (Figure S34; Videos S1 and S2).

As expected, the MSP WT-FFAT complex was highly stable, with electrostatic interactions
contributing predominantly (64%) to the binding energy (-693.3 k].mol1) (Figures 3D and 3E).
By comparison, the MSPA78-FFAT complex, built from the final MSPA78 structure obtained by
the simulation shown in Figure 3C, adopted multiple conformations, suggesting reduced stability,
although residual interaction persisted. Electrostatic contributions dropped to 40.7% of the total
interaction energy (-230.8 k].mol-1). H-bond analysis showed that MSP residues 43-57 formed the
most stable contacts with FFAT (Figure 3F and S3B), a region largely overlapping the VCS and
absent in MSPA78. Although new H-bonds formed with MSPA78, they were less stable than in the
WT complex (Figure 3G). Consistently, MSPA78 formed much fewer close (< 4 A) and persistent
intermolecular contacts with FFAT over 1 ps simulations (Figure 3H).

Next, to assess whether truncating the first 78 residues of VAPA impacted FFAT binding
in vitro, we mixed the membrane-tethering region of OSBP (OSBP[1-408]) with PI4P-containing
liposomes and either VAPA[8-230] or VAPA[79-230] construct, followed by sucrose gradient

flotation (Figure 3I). Only VAPA with an intact MSP associated with liposome-bound OSBP[1-408]

10
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(Figures 3] and 3K), whereas VAPA[79-230] was retrieved in the bottom fraction. As a control,
addition of excess FFAT peptide displaced VAPA[8-230], confirming that its binding depends on
MSP-FFAT interaction.

Overall, simulations and in vitro assays revealed that VAPA truncation profoundly alters
MSP structure and compromises FFAT binding. MSPA78 is predicted to be intrinsically unstable
with a modified electrostatic surface, preventing it from maintaining close contact with FFAT over
time. Consistently, a VAPA construct lacking the first 78 residues failed to bind OSBP[1-408] in

vitro.

Patient fibroblasts exhibit VAPA KO phenotypes

To study the functional consequences of the unstable MSP domain at the cellular level, we first
tested whether VAPA-Glu12* fibroblasts display typical phenotypes of VAPA KO cells. We
previously demonstrated that VAPA facilitates lipid exchange at ER-Golgi MCSs mediated by OSBP
and CERT, while also playing a significant role at ER-mitochondrial MCSs by enhancing the
accumulation of cardiolipin in mitochondria and supporting mitochondrial fusion??. Accordingly,
VAPA KO cells exhibited more OSBP and CERT at the TGN due to increased PI4P levels in this
organelle, as well as a drastically altered mitochondrial morphology, with mitochondria appearing
more circular rather than having their typical elongated shape??’. Therefore, the subcellular
distribution of OSBP and CERT in VAPA-Glu12* and control fibroblasts was first investigated by
immunofluorescence staining (Figures 4A and 4B). Compared to control fibroblasts, both OSBP
and CERT levels were significantly elevated at the TGN (marked by TGN46) in VAPA-Glul2*
fibroblasts, indicating impaired PI4P exchange between ER and TGN. As PI4P is exchanged with
cholesterol, excess cholesterol in the ER can lead to esterification and storage in lipid droplets
(LD)28. To assess this, we examined LD and quantified neutral lipids in patient and control
fibroblasts using cell imaging and high-performance liquid chromatography-mass spectrometry

(HPLC-MS), respectively. While LD number and size was higher in VAPA-Glu12* fibroblasts than

11
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in controls, HPLC-MS revealed a strong accumulation of CE together with an increase of other
neutral lipids, such as triacylglycerol (TG) and ether-linked TG (TG[O]) (Figures 4C and 4D).
Next, the shapes of mitochondria in VAPA-Glu12* vs. control fibroblasts as well as RPE1
WT vs. KO cells were studied using Mitotracker and quantified using a form factor, for which a
value of 1 reflects a round morphology. Interestingly, while in control fibroblasts and in RPE1 WT
cells the values were around 0.25, in VAPA-Glu12* fibroblasts and RPE1 KO cells the values were
elevated (0.4 and 0.7, respectively). Thus, the mitochondria of the patient fibroblasts are more
circular than controls but not as circular as in RPE1 KO cells (Figures 4E and 4F). IF further
revealed that VAPB-positive ER subdomains in VAPA-Glul2* fibroblasts colocalized with the
circular mitochondria (Figure S2B). In summary, phenotypes typical for VAPA KO cells are also

present in VAPA-Glu12* fibroblasts.

N-terminally truncated VAPA cannot rescue VAPA KO RPE1 cells

To study whether VAPAA78 can rescue VAPA KO phenotypes, we transiently transfected EGFP-
VAPA WT or EGFP-VAPAA78 into VAPA KO RPE1 cells and quantified OSBP distribution and
mitochondria phenotypes. We observed that EGFP-VAPA WT expression fully restored the
cytosolic localization of OSBP, whereas the VAPAA78 construct did not (Figures 4G and 4H).
Strikingly, the levels of OSBP at the TGN in EGFP-VAPAA78 transfected cells remained as high as
in non-transfected cells. These results indicate that VAPAA78 is unable to support OSBP activity
and are consistent with the defective interaction between MSPA78 and OSBP FFAT as
demonstrated in Figure 3]. Accordingly, expressing EGFP-VAPA WT but not EGFP-VAPAA78 in
VAPA KO RPE-1 cells converted most of the large spherical mitochondria stained with Mitotracker
red into thin and elongated ones (Figures S4A and S4B). Taken together, these results indicate
that the p.(Glu12*) mutation produces a truncated VAPA protein that is no longer a functional
partner for important proteins linked to lipid transport at ER-Golgi MCS and ER-mitochondria

MCS.

12
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VAPA deficiency leads to lamellar body defects in an AT2-derived cell line

Finally, we addressed the contribution of VAPA deficiency to the patient phenotype by focusing
on PAP as the most severe organ manifestation. Therefore, we inactivated VAPA in A549 cells,
which are derived from AT2 cells. These cells form LBs, which are the organelles where the
surfactant is synthesized. Previously, it was shown that LB formation can be boosted via the
overexpression of ABCA3, the key phospholipid transporter in the LB membrane, which also helps
reduce cell cholesterol via surfactant secretion2. Therefore, we transiently transfected ABCA3-
mCherry in control or VAPA KO A549 cells for 24 h, and assessed the uptake of BODIPY-labeled
PC and cholesterol into LBs using wide-field fluorescence imaging (Figures 5A-D). Our data
showed that VAPA deficiency does not impair ABCA3-induced formation of LBs, as LBs in VAPA
KO cells accumulated BODIPY-C16-PC at levels comparable to those in control cells (Figures 5A
and 5C). By contrast, the ABCA3 E690K mutant, known to disrupt the coupling between ATPase
activity and lipid transport39, largely prevented this accumulation. Next, we performed Filipin
staining to quantitatively assess FC amounts in LBs induced by the expression of ABCA3-mCherry
in control and VAPA KO cells. In this case, significantly less cholesterol accumulated in LBs of VAPA
KO cells than in controls (Figures 5B and 5D), suggesting that a “VAPA-ABCA3” pathway
contributes to FC enrichment in LBs.

Investigating the underlying mechanism of this pathway further, we noticed that ABCA3
comprises a putative FFAT motifin its sequence (res. 511 EKALRNEYFEAEPED), with a calculated
score of 2.5, suggesting that it could be functional for VAP binding3! (Figures S5A and S5B). At the
structural level, the FFAT-like motif is located in an unfolded loop of ABCA3, which is accessible
from the cytosol (Figures 5E and S5C). If VAPA and ABCA3 proteins interact directly, we expect
them to populate MCSs between the ER and LBs. However, such ER-LB contacts have not been
described previously. To test this, we co-transfected cells with ABCA3-mCherry and Halo-tagged
(HTN) VAPA constructs, labeled them with a Halo-reactive Janelia Fluor 646 dye before imaging
with t-STED super-resolution microscopy. This revealed clear ER-LB contact regions, where VAPA

and ABCA3 co-localized (Figure 5F). By contrast, HTN-VAPAA78 failed to accumulate at these sites

13
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when co-expressed with ABCA3-mCherry in VAPA KO A549 cells, indicating that an intact MSP
domain is required. Similarly, an ABCA3 FFAT mutant, comprising the point mutations
Y524A/F525A (ABCA3YF>AA-mCherry), did not co-enrich with HTN-VAPA at MCS. Together, these
results indicate that an MSP-FFAT interaction between VAPA and ABCA3 promotes their
recruitment at ER-LB MCS. Next, we repeated the filipin experiments described above with
transfections of either EGFP-VAPAA78 or ABCA3YF~AA-mCherry, in comparison with WT
constructs, in VAPA KO cells. Our results indicated that, when the interaction determinants are
impacted, either via a defective FFAT in ABCA3 or by the disease-related truncation of the MSP
domain of VAPA, then much less FC accumulates in LBs (Figures 5G and 5H). We also observed
that the expression of ABCA3YF>AA-mCherry caused a modest but statistically significant reduction
in BODIPY-C16-PC incorporation into LBs, suggesting a contributory role of ER-LB MCS also to
the transport of PC, which is the main surfactant constituent. (Figures 5A and 5C).

In summary, our results indicate that VAPA and ABCA3 form a functional pair at ER-LB
MCS, promoting the accumulation of cholesterol and possibly other lipids within LBs. Lipid
transfer to LB, which is a key step in surfactant formation, is affected in cells expressing the
predominant truncated protein derived from VAPA p.(Glu12*) mutation, suggesting that a defect
in lipid transfer at ER-LB MCS could contribute to the pulmonary phenotype found in the disease

(Figure 5I).

Discussion

Here, we report a patient with a multi-system disease due to a homozygous nonsense variant in
the VAPA gene. The phenotype consists of congenital retinal blindness, progressive failure to
thrive and microcephaly, atopic dermatitis, profound global developmental delay and oxygen-
dependent interstitial lung disease due to PAP. On the molecular level, we show that the nonsense
variant leads to N-terminal truncations due to usage of alternative start codons, in particular M79
(Figure 2E). This mechanism has been previously described, but so far only rarely in human

genetic studies2332-35, Yet, it is very likely that this mechanism is at play whenever nonsense

14
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variants cause a milder phenotype than expected for a loss-of-function mutation, independently
of any genetic modifiers. It is therefore possible that survival with VAPA loss-of-function is
normally not possible beyond embryonic stages as shown in the mouse model. We assume that in
our patient any residual function of the N-terminal truncation, and possibly additional genetic or
environmental factors, led to abnormally long survival. While we found that the N-terminal
truncation abolished FFAT binding and failed to rescue organellar phenotypes in the VAPA KO
RPE1 cells, we cannot rule out that in the whole organismal setting there might be some residual
functions of truncated VAPA or partial compensation by VAPB. By contrast, VAPB KO mice are
viable and fertile, suggesting that VAPA can compensate for loss of VAPB.

VAPs play a crucial role in various cellular processes, including organelle membrane
tethering, lipid transfer, autophagy, ion homeostasis, and defense against viral infectionsé. Many
VAP interactors have been identified, together mediating the contact between the ER and different
organelles. In our previous work, we found that thanks to its flexibility, VAPA can function in
various MCS, whether they are stable, such as ER-mitochondria contacts, or more labile and short-
lived, such as ER-TGN contact sites?’. The truncation of the MSP domain was shown to impair both
contact sites as reflected by altered mitochondrial shape and TGN protein turnover. With regard
to mitochondria, we also observed that VAPB is recruited to these contact sites. This may be
because more FFAT proteins are available as mitochondrial binding partners due to lack of
functional VAPA. VABP, however, may not be able to promote cardiolipin-dependent
mitochondrial fusion in a similar manner as VAPA,?7 again arguing for a broader functional
repertoire of VAPA compared to VAPB. With regard to the TGN, we observed increased
recruitment of the cholesterol/PI4P exchanger OSBP (Figures 4G and 4H). Previously, we could
show that knocking-out VAPA shifts OSBP from the cytosol to the TGN?7, indicating a higher PI4P
level at the TGN resulting from decreased OSBP activity. Therefore, increased OSBP levels reflect
impaired VAPA-dependent MCS with the ER. Similarly, increased CERT levels were observed at
the TGN, as this protein also interacts with PI4P via its PH domain and with VAPA via its FFAT

motif. As both the mitochondrial and TGN phenotypes could not be rescued by VAPAA78 in the
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VAPA KO cells, we altogether provide strong support that the p.(Glu12*) mutation leads to
disturbed contact sites.

An important question that followed was how impaired VAPA-dependent MCSs can lead
to specific tissue defects in the patient, particularly in the lung. Surfactant production involves the
formation and transport of a lipoprotein-like particle from the ER via the Golgi to the LB3¢, which
is a lysosome-related organelle3”.38, The LB is then filled with lipids due to the activity of
phospholipid transporters such as ABCA3, allowing for further loading of the lipoprotein particle.
A very intriguing hypothesis was therefore that ABCA3 can interact with VAPA to promote lipid
transfer from the ER directly into LBs. Indeed, we found that ABCA3 itself contains a FFAT-like
motif that permits interaction with VAPA (Figure 5E). Through this mechanism, this protein pair
acts as a bridge facilitating the formation of functional ER-LB MCS, thereby enabling the
accumulation of lipids in LBs (Figures 5G and 5H). Therefore, we postulate that non-vesicular lipid
transfer proteins at the ER/LB interface may specifically deliver key lipids such as dipalmitoyl-PC
or cholesterol to LBs for surfactant biogenesis. This may also explain the high expression levels of
VAPA in AT2 cells3949,

Besides such impaired lipid transfer to the LBs from VAPA dysfunction, the patient’s
lavage lipidomics revealed elevated CE levels, and lung histology showed cholesterol clefts
(Figures 1E and S1D). Similar cholesterol granulomas with crystal/cleft-like structures are
characteristic for endogenous lipoid pneumonia often combined with PAP4142, X-ray diffraction
identified these crystals as CE (cholesteryl palmitate and/or stearate), but not FC41. CE crystals
are thought to originate from surfactant components not removed from the alveolar space by AT2
cells, which recycle about 90% of secreted surfactant*344, or from alveolar macrophages. In the
present study, we could show that the reduced amount of FC in LBs of VAPA KO or p.(Glu12*) cells
due to inefficient FC transport may lead to increased esterification and LD formation in the ER.
Damage of AT2 cells due to VAPA dysfunction could eventually release cholesterol-rich

membranes and organelles, while impaired recycling by AT2 cells and clearance by macrophages
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could further contribute to the CE accumulation and surfactant defect. [t may even be possible
that VAPA dysfunction in the macrophages affects lipid transfer during the phagocytic process.

Another severe phenotype in the patient was retinal blindness. Given that mutations in a
peroxisomal VAP binding partner, ACBD5, cause retinal dystrophy*s, this suggests that a
disruption of ER-peroxisome tethering, and associated very-long-chain fatty acid metabolism
dysfunction, may also underlie this phenotype in the patient. Moreover, for the patient’s atopic
dermatitis a possible explanation may be a decreased LB maturation in the epidermal
keratinocytes.

A major limitation of the study is that so far only one patient with VAPA deficiency could
be identified. However, it can also be expected that this report will increase the awareness for
patients with similar phenotypes and, thus, additional pathogenic VAPA variants can be found in
the future. Regardless of this ongoing search, this unique case has not only stimulated the
functional validation of the VAPA p.(Glu12*) variant but also provided new insights into alveolar

biology, in particular LB formation and surfactant production.
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STARxMethods

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE ID
Antibodies
Rabbit anti OSBP Atlas Antibodies Cat# HPA039227
Rabbit anti CERT Proteintech Cat# 15191-1-AP
Rabbit anti VAPA Atlas Antibodies Cat# HPA009174
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Rabbit anti VAPA

Proteintech

Cat# 15275-1-AP

Rabbit anti VAPB

Atlas Antibodies

Cat# HPA013144

Rabbit anti Tubulin-a Sigma-Aldrich Cat# Sab4500087
Mouse anti Flag Sigma-Aldrich Cat# F3165
Sheep anti TGN46 Biorad Cat# AHP500G
Secondary Alexa Fluor-conjugated Thermo Fisher Scientific Cat# A32723

HRP-conjugated secondary

Jackson ImmunoResearch Labs

Cat# 111-035-047

Bacterial strains

Escherichia coli BL21 (DE3) IPMC resources N/A
XL10-gold ultracompetent cells Agilent technologies Cat#200315
Chemicals, Peptides and Recombinant Proteins

Jenelia Fluor 646 HaloTag-Ligand Promega Cat# GA112A
Filipin Sigma-Aldrich Cat# F9765
Sypro™ Orange protein gel stain Invitrogen Cat# S6650
MitoTracker-Red CMX Ros Invitrogen Cat# M7512
MitoTracker-Deep Red FM Invitrogen Cat# M22426
3-BODIPY™ FL C12-HPC Invitrogen Cat# D3792
FFAT peptide Proteogenix (Oberhausbergen, France) N/A

Egg PC Avanti Polar Lipids Cat# 840051C
Brain PS Avanti Polar Lipids Cat# 840032C
Brain PI(4)P Avanti Polar Lipids Cat# 840045X
Liver PE Avanti Polar Lipids Cat# 840026C
Liver PI Avanti Polar Lipids Cat# 840042C
Rhodamine-PE Avanti Polar Lipids Cat# 810158C
SuperSignal West Femto Maximum Sensitivity Thermo Scientific™ Cat# 34095
SuperSignal West Dura Extended Duration Thermo Scientific™ Cat# 34076
HisPur™ Cobalt Resin Thermo Scientific™ Cat# 89965
Amido black 10 B Roth Cat# 9590.1
Critical commercial assays

Amaxa Cell Line Nucleofector Kit V Lonza Cat# VCA-1003
jetOPTIMUS DNA transfection reagent Polyplus Cat# 101000025

PENTR™/D-TOPO™ Cloning kit

Thermo Scientific™

Cat# K240020SP

Gateway™ LR Clonase™ II ENsyme-Mix

Invitrogen

Cat# 11791020

QuickChange II Site-directed mutagenesis kit

Agilent technologies

Cat#200523

Experimental models: Cell lines

hTERT-RPE1 ATCC Cat# CRL-4000
A549 ATCC Cat# CCL-185
Recombinant DNA

pET21b-VAPA-WT-6His (Subra et al., 2023) N/A

pET21b -VAPA [79-230]-6His This study N/A
PEGFP-C1-VAPA-WT F. Alpy N/A
pEGFP-C1-VAPA-[79-249] This study N/A
pHTN-VAP-A-WT (Subra etal.,, 2023) N/A
pHTN-VAPA-[79-249] This study N/A
PET16b-Strepl.TEV.OSBP N-PH-FFAT (1-408) (Jamenca et al., 2019) N/A
pmCherry-N1-ABCA3 WT This study N/A
pmCherry-N1-ABCA3 Y524A/F525A This study N/A
pmCherry-N1-ABCA3 E690K This study N/A
2xFlag-C-pVAPACtrl This study N/A
2xFlag-C-pVAPA-Glu12* This study N/A
2xFlag-C-pVAPA-Glu12* M79G This study N/A
2xFlag-C-pVAPA-Glu12* M96G This study N/A
2xFlag-C-pVAPA-Glu12* M109G This study N/A
pCMV6-Entry-VAPA OriGene Technologies Inc Cat# RC201164
2xFlag-pDEST-C Addgene Cat# 118372
Software and algorithms

MUSCLE EMB-EBI N/A
WebLogo 3 https://weblogo.threeplusone.com N/A

Fiji NIH, USA N/A

OMERO U Dundee & Open Microscopy Environment N/A
Metamorph Molecular Devices LLC N/A
GraphPad Prism 10 GraphPad Software N/A

Canvas X Draw ACD system N/A

Huygens Remote Manager version 3.7

Scientific Volume Imaging

CMLE algorithm

CellProfiler Broad Institute N/A
LAS X software 3.5.6.21594 Leica Microsystems N/A
Lasergene 17 DNASTAR, Inc. N/A
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PyMOL 2.0 Schrodinger, LLC. N/A

AlphaFold2 AlphaFold2.ipynb - Colab N/A

GROMACS 2023.4 Gromacs.org N/A

CHARMM36 https://academiccharmm.org/ N/A

VMD http://www.ks.uiuc.edu/Research/vmd/ N/A

Python3 Python.org N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be

fulfilled by the lead contact, Matias Simons (Matias.Simons@med.uni-heidelberg.de).

Materials availability

Plasmids generated in this study will be made available through requests to the lead contact.

Data and code availability

- Data including all raw image files reported in this paper will be shared by the lead contact upon
request.

- This paper does not report original code.

- Any additional information required to reanalyze the data reported in this work paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

DNA sequencing

Informed consent for genetic testing and research was obtained from the family after counseling
in accordance with national ethical standards and laws. The family underwent trio-exome
sequencing according to local protocols. Segregation was assessed by Sanger sequencing. As no
possibly causative variants were identified in known disease-associated genes and other
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candidate genes explaining the individuals’ phenotypes, the datasets were further evaluated in a
research context. Variant prioritization was based on allele frequency and predicted functional
impact using multiple in silico tools. Other rare variants were detected but excluded due to

predicted benign impact or incompatibility with the observed phenotype.

Cell culture

Primary fibroblasts were derived from skin biopsies of the patient with VAPA ¢.34G>T; p.Glul2*
variant after informed written consent was obtained from the family. Control cells were from an
age and gender-matched healthy patient. Primary fibroblasts were cultured in DMEM (1X) with
GlutaMAX™-I, supplemented with 10% FBS, 1% Pen/Strep and 1% Amphotericin B. Cells were
cultured at 37°C, 5% CO2 and high humidity in a CO2 cell culture incubator.

Human immortalized retinal pigmented epithelial cells (hnTERT-RPE1, ATCC Cat# CRL-4000;
hereafter RPE1) were used as cellular model. RPE1 are genetically stable, lack transformed
phenotypes, and are commonly used to study intracellular membrane traffic and dynamics.
Human lung adenocarcinoma epithelial cells (A549, ATCC Cat# CCL-185; hereafter A549) were
also used as cellular model. A549 cells are widely used as a model for alveolar type Il epithelial
cells, and serve as a reference line in studies of lung physiology. Both RPE1 and A549 cell lines
were cultured in DMEM/F12 medium with GlutaMAX™ (Gibco) supplemented with 10% fetal calf

serum (FCS) and 1% antibiotics (Zell Shield) at 37°C in a 5% CO2 humidified atmosphere.

METHOD DETAILS

Plasmids

The 2xFlag-C-pVAPA-Glul2* and 2xFlag-C-pVAPACtrl plasmids were generated by gateway
cloning. For the BP reaction the Thermo Scientific™ PENTR™/D-TOPO™ Cloning Kit was used to
the manufacturer’s instructions, using the provided entry vector pENTR™/D-TOPO®. The blunt

end PCR products were produced using the primers listed in Table in S1. The primers were
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designed so that the resulting PCR product contains a GGC codon (coding for Gly) instead of a stop
codon, to fuse the ORF of the insert with the C-terminal 2xFlag tag of the destination vector. For
2xFlag-C-pVAPA-Glul2* cDNA derived from VAPA-Glu12* fibroblasts was used as template DNA.
For 2xFlag-C-pVAPACtrl, pCMV6-VAPA was used as template DNA. The resulting entry vectors
were transformed in One Shot™ TOP10 Chemically Competent E. coli, using the manufacturer’s
heat shock transformation protocol. For the LR reaction the Gateway™ LR Clonase™ Il Enzyme Mix
was used according to the manufacturer’s instruction, using the previously derived entry vectors
and 2xFlag-pDEST-C as a destination vector. The resulting reaction mixture was transformed in
One Shot™ TOP10 Chemically Competent E. coli, using the manufacturer’s heat shock
transformation protocol, to retrieve expression clones. The insert DNA sequence of entry vectors
and expression clones was verified by Sanger sequencing. Single amino acid changes (M79G,
M96G and M109G) were introduced to 2xFlag-C-pVAPA-Glu12* using the QuikChange II Site-
Directed Mutagenesis Kit according to the manufacturer's instructions, using the primers
indicated in Table S1. To obtain VAPA constructs missing residues 1-78, mutagenesis was
performed from the three starting vectors pEGFP-C1 VAPA (FL; 1-249), pHTN VAPA (FL; 1-249)
and pET21b+ VAPA His6 (8-230) previously described??, by PCR amplification and restriction
enzyme cloning method. Full-length human ABCA3, ABCA3 Y524A/F525A and ABCA3 E690K
c¢DNA were obtained from Twist Biosciences and subcloned into pmCherry-N1 by the restriction

enzyme cloning method.

Cell transfection

RPE1 and A549 cells were transfected using the Amaxa Nucleofector device (Lonza; X-01
program), Solution V (Lonza) and 2 pg of plasmids, for 24-48 h. For microscopy, cells were seeded
in ibiTreat p-Slides 8 Well or p-Dish 35 mm (Ibidi) at suitable density to reach 50-90% confluence
on the day of imaging. For Figure S2E and S2C, RPE1 cells were transfected using the
jetOPTIMUS® DNA Transfection Reagent according to the manufacturer’s instructions. Cells were

seeded on 10 cm dishes and at suitable confluency, the transfections were performed using 10 pg
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of plasmid, and 10 pl of jetOPTIMUS® reagent. The cells were collected to prepare western blot

samples 24 h post transfection.

Cell staining and imaging

For immunofluorescence, cells cultured on p-slides (Ibidi) were washed once with PBS then fixed
with paraformaldehyde (PFA) 4% and glutaraldehyde 0.1 % in PBS for 10 min. Fixed cells were
soaked in PBS supplemented with NH4Cl (50 mM) for 10 min, and then permeabilized in
permeabilization buffer (Saponin 0.05 %, BSA 0.2 %, PBS) during 45 min at room temperature
(RT). Cells were then immuno-labeled with primary antibodies (rabbit anti-OSBP or CERT (Atlas
Antibodies), sheep anti-TGN46 (Biorad), diluted in permeabilization buffer) for 2 h at RT, washed
3 times with permeabilization buffer, further incubated with secondary Alexa Fluor-conjugated
antibodies (Invitrogen; diluted in permeabilization buffer) and Hoechst for nuclear staining for
30 min at RT, and rinsed. Mitotracker Red (Invitrogen) staining was performed at 100 nM on living
cells in growth medium during 30 min at 37°C, and then washed twice. For lipid droplet staining,
cells were incubated with fresh media containing 2 uM BODIPY 493 /503 (Invitrogen) for 15 min
at 37°C, washed with PBS and fixed with PFA 4% for 10 min at RT. Cells were subsequently
washed three times with PBS before imaging. Bodipy staining intensity was calculated as area
fraction per cell using Image] software. For filipin assays, A549 cells cultured on 35-mm p-dishes
(Ibidi) were fixed with paraformaldehyde (1.5%) for 20 min at RT, then stained with filipin (Sigma
Aldrich) at 50 pg/mL in PBS for 45 min at RT in the dark. Thereafter, cells were washed three
times with PBS before imaging. For BODIPY-PC uptake into LBs, A549 cells cultured on 35-mm p-
dishes (Ibidi) were labelled with 1 pg/mL BODIPY FL C12-HPC (Invitrogen) in growth medium
for 30 min at 37°C. Then, cells were washed with warm PBS and chased for 16 h in fresh medium
before imaging. Confocal images were acquired using a Zeiss LSM 780 (Carl Zeiss Microscopy,
Jena) equipped with a multiline argon laser and diode lasers. All images were acquired through a

63x/1.4 NA Oil immersion objective using the ZEN software (Carl Zeiss Microscopy). Widefield
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imaging was performed using a 1X83 inverted microscope (Olympus) equipped with an iXon3

EMCCD camera (Andor) and an UPlanSApo 60X/1.35 Qil objective (Olympus).

Western Blotting

For western blotting, cells were seeded in 10 cm dishes. For sample collection, cells were washed
with PBS and then scraped in 1 mL PBS. Thereafter, cells were centrifugated at 4°C, 1500 x g, for
5 min and resuspended in lysis buffer (0.1% SDS, 1% Triton® X-100 in PBS), before being
sonicated for 2 seconds 5 times. Proteins were solubilized by rotating the samples for 1 hour at 4
°C. Afterwards, the samples were centrifuged at 4 °C, 14 000 x g, for 5 min and the supernatant
was transferred to a new 1.5 mL microcentrifuge tube. Protein concentration of each sample was
determined using AmidoBlack. The samples were adjusted to a common concentration (15-30 pg)
in Laemmli buffer, boiled for 5 min at 95°C and applied to a SDS-PAGE. Gel blotting was performed
on PVDF membrane using standard wet-blotting procedures. Membranes were blocked for 1 h in
PBS + 0.1 % Tween-20 (PBST) supplemented with 5% skim milk and incubated in primary
antibody overnight at 4 °C. Then, membranes were washed with PBST 3 times for 5-10 min each,
incubated with a HRP secondary antibody for 1 h at RT, washed again 3 times for 5-10 min in
PBST, followed by another 5-10 min wash with PBS. For blot imaging, SuperSignal™ West Femto
Maximum Sensitivity or SuperSignal™ West Dura Extended Duration substrate was used,
according to the manufacturer’s instructions. A INTAS ECL Chemostar Imager was used to develop

the blots.

qPCR

For RNA extraction, the Macherey-Nagel Nucleospin RNA Mini kit was used, according to the
manufacturer’s instructions. The RNA concentration of each sample was measured using a
DeNovix DS-11 FX pVolume Spectrophotometer. The qScript cDNA Synthesis Kit was used,
according to the manufacturer’s instructions, to make cDNA. For the qPCR reaction, qPCRBIO

SyGreen Mix was used according to the manufacturer’s instructions. The samples were diluted to
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contain 1 ng/uL cDNA and added to a 96 well plate, each reaction was run in triplicates. The

primers used are listed in Table S1. The qPCR was run using a QuantStudio 3 RT PCR System.

Primary fibroblast lipidomics

Lipidomics analysis was performed as described+t. The HPLC system consisted of an Ultimate
3000 binary HPLC pump, a vacuum degasser, a column temperature controller, and an auto
sampler (Thermo Scientific, Waltham, MA, USA). The column temperature was maintained at
25°C. The lipid extract was injected onto a "normal phase column” LiChrospher 2x250-mm silica-
60 column, 5 pm particle diameter (Merck, Darmstadt, Germany) and a “reverse phase
column”Acquity UPLC HSS T3, 1.8 um particle diameter (Waters, Milford Massachusetts, USA). A
Q Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer was used in the negative and
positive electrospray ionization mode. In both ionization modes, mass spectra of the lipid species
were obtained by continuous scanning from m/z 150 to m/z 2000 with a resolution of 280,000
full width at half maximum (FWHM).

Anin-house developed pipeline, written in the R programming language, was used for data
processing. The RAW data files were converted to mzXML wusing MSconvert
(https://doi.org/10.1038/nbt.2377) in centroided mode. Peak finding and peak group finding
was done using the R package XCMS, with minor modifications to some functions for a better
representation of the Q Exactive data. Annotation of the peaks was done based on an in-house
database containing all possible (phospho)lipid species. Each combination of column (normal
phase or reverse phase) and scan mode (positive or negative) was processed separately; after
normalization, separate peak group lists were combined into two resulting lists, which were used
for statistical analysis.

Identification is based on exact mass (with 3 ppm tolerance) and retention time including
the relation between these two parameters, taking into account the different molecular species of

the lipid class*s.
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BAL lipidomics

For quantitative lipidomics, internal standards were added prior to lipid extraction. A
volume of 50 to 150ul BAL was subjected to lipid extraction. The analysis of lipids was performed
by direct flow injection analysis (FIA) using a triple quadrupole mass spectrometer (FIA-MS/MS)
and a high-resolution hybrid quadrupole-Orbitrap mass spectrometer (FIA-FTMS). FIA-MS/MS
was performed in positive ion mode using the analytical setup and strategy described previously*?
. A fragment ion of m/z 184 was used for lysophosphatidylcholines (LPC). The following neutral
losses were applied: Phosphatidylethanolamine (PE) and lysophosphatidylethanolamine (LPE)
141, phosphatidylserine (PS) 185, phosphatidylglycerol (PG) 189 and phosphatidylinositol (PI)
277. Sphingosine-based ceramides (Cer) and hexosylceramides (Hex-Cer) were analyzed using a
fragmention of m/z 264. PE-based plasmalogens (PE P) were analyzed according to the principles
described by Zemski-Berry*s. Glycerophospholipid species annotation was based on the
assumption of even numbered carbon chains only. A detailed description of the FIA-FTMS method
was published recently#. Triglycerides (TG), diglyceric+ at a target resolution of 140,000 (at 200
m/z). CE species were corrected for their species-specific response. Phosphatidylcholines (PC),
PC ether (PC O) and sphingomyelins (SM) were analyzed in negative ion mode m/z 520-960 as
[M+HCOO]- at the same resolution setting. Analysis of free cholesterol (FC) was performed by
multiplexed acquisition (MSX) of the [M+NH4]+ of FC and the deuterated internal standard

(FC[D7]).

Histology
Lung biopsies were fixed in 10% buffered formalin and paraffin embedded. 2-3pm slides were cut
and stained with Hematoxylin-Eosin, PAS, Elastica-van-Giesson and Prussian-blue according to

standard procedures. Slides were evaluated using a Olympus microscope (BX53, Olympus, Japan).

Transmission electron microscopy
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Lung biopsies were fixed in 1.5% PFA, 1.5% glutaraldehyde in 0.15 M Hepes buffer. The samples
were then embedded in epoxy resin according to a standard protocol which involved subsequent
incubation with 1% osmium tetroxide, half-saturated uranyl acetate and an ascending acetone
series’0 . From the embedded samples ultrathin sections of 60-80 nm thickness were generated
and poststained with uranyl acetate and lead citrate. The sections were analysed using a

transmission electron microscope (Morgagni, FEI, Eindhoven, the Netherlands).

Tau-stimulated emission depletion (STED) microscopy

Cells were transfected with pHTN HaloTag plasmids using the Amaxa Nucleofector device (Lonza),
and plated in p-Slides 8 Well glass coverslip bottom (Ibidi). 24 h after transfection, cells were
labelled with 0.2 mM Janelia Fluor 646 HaloTag-Ligand (Promega) in growth medium for 30 min
at 37°C. Cells were then washed twice to remove unbound dye and further incubated for 30 min
at 37°C in growth medium. Finally, cells were washed in PBS, fixed with PFA 4%/glutaraldehyde
0.1% and washed again in PBS before imaging. Tau-STED imaging was performed on a Leica TCS
SP8 STED 3X system (Leica Microsystems) equipped with a pulsed white-light laser for excitation
and a 775 nm pulsed depletion laser configured for hybrid-gated Tau-STED acquisition. Images
were acquired through a 100x/1.4 NA Oil objective controlled with LAS X software (Leica
Microsystems). Janelia Fluor 646 was excited at 633 nm and Tau-STED detection was performed

using the falcon module of the software. Images have a 15 nm pixel size.

MD simulations

The MSP domain of human VAPA WT (res. 1-128) bound to the human OSBP FFAT motif region
(res. 346-379) was retrieved from the NMR structure of the complex (PDB : 2ZRR3)26. The VAPA
MSPA78 was built with the AlphaFold2 tool5152 . Their electrostatic surface was obtained with
PyMOL 2.0 software. MD simulations of the MSP domains alone, or bound to the FFAT motif, were
performed with GROMACS 2023.4. For the MSPA78-FFAT complex, the structure was generated

by aligning MSPA78 onto the WT MSP from the NMR complex. The protein’s topology was
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obtained with the CHARMM36 force-fields354, adding COO- and NH3+ at the termini. The proteins
were centered in a cubic box, at a minimum distance of 2 nm from box edges. Solvent molecules
were added with the TIP3P water model configuration. Na and Cl ions were added to neutralize
the simulation box, at a concentration of 120 mM. Energy minimization was performed using the
steepest descent minimization algorithm for the subsequent 50,000 steps with a step size of 0.01
nm. A cutoff distance of 1.2 nm was used for generating the neighbor list, updated at every step.
Long-range electrostatic interactions were calculated using the particle mesh Ewald summation
methods. Periodic boundary conditions and flexible water were used. A 200 ps NVT equilibration
was performed, with a 2 ps time-step. During equilibration, the protein was restrained. All bonds
were constrained by the LINear Constraints Solver (LINCS) constraint algorithm. A 200 ps NPT
equilibration was performed similar to the NVT equilibration. During the production run, the V-
rescale thermostat and Parrinello-Rahman barostat stabilized the temperature at 310.15 K and
pressure at 1 bar, respectively. The simulations were performed for 500 ns for the systems with
MSP domains alone, and 1 ps for MSP-FFAT systems, with a time-step of 2 fs, with the two coupling
groups Protein and Water-lons. MD analyses of the root-mean-square deviation (RMSD) on Ca,
binding energies and MSP-FFAT contacts < 4 A were performed using GROMACS utilities. The
occurrence of hydrogen bonds (H-bonds) during the three replicates of each system were
calculated with the H-Bonds tool of the VMD software. Hydrogen bonds were defined with a
maximal distance of 3.5 A and a 30° angle. Python scripts were written to obtain the figures.

Movies and images have been generated with VMD and PyMOL 2.0 software, respectively.

Protein expression and purification

OSBP N-PH-FFAT (res. 1-408), VAPA-His and VAPAA78-His constructs, sub-cloned into pET-21b,
were expressed in E. coli BL21 (DE3) and purified as previously described?? . N-PH-FFAT had a N-
ter 6xHis tag-Strepll-TEV site, VAPA-His constructs had a C-terl 6xHis-tag replacing protein
transmembrane region. After protein expression, bacteria were lysed in a cell disruptor at 1600

psi and incubated for 30 min on ice with DNAse and MgCl2 (5mM) before ultracentrifugation
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(125,000 x g). Proteins were purified using HisPur TM Cobalt Resin (Thermo Scientific). For N-
PH-FFAT, protein fractions were pooled and cleaved with TEV protease overnight at 4°C. Digested
proteins were purified on SourceQ HR 10/10 column (GE Healthcare) with a 0-1 M NaCl gradient
in 25 mM Tris pH7.5 followed by a Sephacryl S200 HK16/70 column (GE Healthcare) equilibrated
in 25 mM Tris pH7.5, 120 mM NaCl, 2 mM DTT, using an AKTA purifier system (GE Healthcare).
For VAPA-His constructs, eluted protein fractions were pooled, concentrated and further purified
on a Sephacryl S200 HR/XK 16/70 column (GE Healthcare) equilibrated in 25 mM Tris pH 7.5,
120 mM NaCl, 1 mM DTT.

Liposome preparation and flotation assay

egg PC, brain PS, liver PE, Rhodamine-PE and brain PI(4)P lipids (62/5/17/2/4 mol%) were
mixed in chloroform/methanol (2:1), and the solvent was removed in a rotary evaporator. The
lipid film was hydrated in 50 mM HEPES pH 7.4, 120 mM K acetate (HK buffer, which was degassed
before use) to reach a concentration of 2 mM. The suspension was then frozen in liquid nitrogen
and thawed in a water bath (37°C) five times. Liposomes were extruded through 0.1 mm pore size
polycarbonate filters using hand extruder (Avanti Polar Lipids) and were used within 1-2 days.
For the flotation assay, liposomes (1 mM) and N-PH-FFAT (1 uM) were incubated for 5 min in HK
buffer supplemented with 1 mM MgCl2 (HKM buffer) at RT in a Beckman polycarbonate centrifuge
tube. 1 uM of VAPA His or VAPAA78-His was added with or without preincubation with FFAT
peptide 5 min at RT (WCSGKGDMSDEDDENEFFDAPEIITMPENLGH, Proteogenix). The 150 pL
mixture was incubated 10 min at 37°C under agitation and mixed with HK buffer supplemented
with 60% sucrose (100 pL) and then overlaid with an intermediate sucrose solution made of HK
buffer with 24% sucrose (200 pL) and a layer (50 uL) of HKM buffer. After centrifugation at 55,000
rpm in a TLS 55 (Beckman) swing rotor for 90 min at 25°C, three fractions (bottom, medium, and
top) of 250, 150 and 100 pL were collected and analyzed by SDS-PAGE using Sypro-Orange

staining.

QUANTIFICATION AND STATISTICAL ANALYSIS
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Quantification of lamellar bodies from EM images of lung samples

To obtain quantitative data, images of alveolar epithelial type II (AT2) cells were obtained by
systematic uniform random sampling. AT2 cells were then classified whether they contained LBs
with normal or with abnormal appearance. Afterwards, the images were classified into three
categories: 1. mostly normal LBs, 2. moderate LB alterations 3. severe LB alterations. In each
subset of the cells the volume fraction of LB dense cores was estimated by point counting. As
control lungs, we used archived human lung samples from the Institute of Anatomy at the

University of Bern5s  (under permission No. 2263-2014 of Hannover Medical School).

Quantification of fluorescence microscopy images

For lipid enrichment (BODIPY-PC or filipin signal) at LBs, a LB mask using the ABCA3-mCherry
signal was applied on the green or blue channel using Fiji (Image], NIH), and a ratio between the
average fluorescence in these regions and the average fluorescence of the entire cell was
determined. For TGN /cytosol ratios of OSBP, two regions of interest (ROIs) of the same area were
drawn in the TGN and in the cytosol. The average fluorescence was determined for each ROI and
the ratio was then calculated. In all superplots illustrating image quantification, each point
represents one cell analyzed, and each experiment was performed 3 times independently.
Colocalization measurements (Pearson test) were performed using the MeasureColocalization
module from CellProfiler (Broad Institute) on images where the background was first subtracted.

Statistical analyzes were done in PRISM : * p < 0.1, **p < 0.01, *** p < 0.001, **** p < 0.0001.

Mitochondria form factor

To quantify mitochondria morphology, images were processed automatically through a custom
pipeline in CellProfiler. Mitochondria and transfected cells were first accentuated and binarized
using the EnhanceOrSuppressFeatures module. Thereafter, mitochondria objects were identified

using the IdentifyPrimaryObject module, and linked to transfected or not transfected cells with
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the MaskObjects module. Finally, the MeasureObjectSizeShape module enabled measuring objects
shape, notably according to the form factor (4m-Area/Perimeter?). As form factor values above 1
can arise from edge segmentation artifacts, we corrected this while retaining truly round
mitochondria by applying a tolerance threshold of 1.3 and excluded higher values. Superplots
illustrating image quantification were obtained with PRISM or python, each point represents one

cell analyzed, and each experiment was performed 3 times independently.
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Figure legends

Figure 1: A homozygous nonsense variant in VAPA is associated with syndromic lung
disease

A) Patient at 3.5 years.

B) Nail clubbing in fingers and toes.

C) First chest x-ray at age 3.7 years. Diffuse reticulation some, diffuse ground glass, right
lower lobe (upper left). Chest CT (3 mm) age 3.8 y inter- and intralobular reticulation,
ground glass opacification, crazy paving (lower left). CT (1 mm) age 5.4 y intralobular
reticulation, diffuse lung cysts, traction bronchiectasis, pulmonary fibrosis (upper and

lower right).
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D)

E)

F)

G)

Lung lavage lipidomics of the patent (red) compared to controls (black) and other PAP
cases (autoimmune PAP, PAP due to CSF2RA variants; green).

Post mortem patient lung tissue histology showing hypoplastic and cystically dilated
airspaces filled with proteinaceous eosinophilic material with large numbers of
cholesterol clefts and foam cells (top panels). Lymphoid hyperplasia with several small
lymphoid aggregates (white arrow head) without germinal centres. Airspaces are lined by
hyperplastic AT2 cells (bottom left, arrow head). Mild interstitial inflammatory infiltrate
and interstitial fibrosis with increase in interstitial collagen (red in EvG-stain) (bottom
panels). Intimal fibrosis partly with myxoid features in some pulmonary arteries (A) and
veins (V).

Transmission electron microscopy on the patient’s lung tissue with quantification of
normal and dysmorphic LB.

Sequencing chromatograms showing the presence of the homozygous and heterozygous

variant in the patient and mother, respectively. The variant is absent in the father.

Figure 2 : Alternative translation initiation sites drive expression of VAPA variant

A)

B)

C)

D)

E)

mRNA levels of VAPA and VAPB in the control and VAPA-Glu12* fibroblasts.

Western blots for VAPA reveal bands of lower molecular weight in VAPA p.(Glu12*) cells.
# and ## indicate two different primary anti-VAPA antibodies. VAPB protein levels are
unchanged.

Immunofluorescence stainings of VAPA and VAPB in control and VAPA-Glu12* fibroblasts.
VAPB is recruited to ER subdomains in VAPA-Glu12* fibroblasts.

Schematic diagram of alternative translation start codons that could possibly give rise to
truncated variants of VAPA.

Expression of VAPA-Glu12*-2xFLAG constructs with mutated alternative start codons, or

no additional mutation (indicated by “-").
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Figure 3 : VAPA78 MSP domain is predicted to be structurally unstable and exhibits poor
FFAT binding
A) Dynamic behavior of VAPA MSP WT (green lines) or A78 (blue lines) during 500 ns of MD
simulation, represented by root-mean-square deviations (RMSD).
B) Left, ribbon representation of VAPA MSP structure. Right, surface representation colored
according to electrostatic potential.
C) Same structural representations as those described in B using a conformation of MSPA78
obtained after 500 ns simulation.
D) Interaction energy between MSP WT (green) or A78 (blue) and OSBP FFAT region. One
point represents one simulation frame.
E) Electrostatic and van der Waals contribution in the binding of the OSBP FFAT peptide to
MSP WT or A78.
F) and G) H-bond frequency between OSBP FFAT residues and MSP WT or A78 residues,
expressed in percentage of simulation time.
H) Number and stability of contacts (<4 A) between MSP WT (green lines) or MSPA78 (blue
lines) and FFAT over three simulations of 1 ps.
I) Scheme of the flotation assay. OSBP N-PH-FFAT (res. 1-408) bound to PI(4)P liposomes was
incubated with VAPA-His WT or A78 mutant constructs. The suspension was adjusted to 30%
w/v sucrose and overlaid with two cushions of decreasing sucrose density. After
ultracentrifugation, proteins bound to liposomes were retrieved on the top fraction.
]) Top and bottom fractions analyzed by SDS-PAGE and Sypro-orange staining. When
indicated a peptide encompassing the FFAT motif of OSBP was added as a competitor.
K) Quantification of the fraction of VAPA-His bound to N-PH-FFAT. Data are means of 2

independent experiments .

Figure 4 : Patient fibroblasts exhibit cellular phenotypes resembling those of VAPA KO cells
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A) Control and VAPA-Glul2* fibroblasts were fixed, permeabilized and processed for
immunofluorescence to assess the localization of OSBP and the TGN marked by TGN46 (anti-
OSBP and anti-TGN46 followed by staining with Alexa Fluor-conjugated secondary
antibodies, green and magenta, respectively), and imaged by confocal microscopy. Right,
Pearson’s correlation coefficient between OSBP and TGN46. Measurements were performed
on 35-37 cells for each condition with the mean values indicated by the black lines.

B) Confocal microscopy experiment performed as in A, assessing the co-localization between
CERT and TGN46 in control and VAPA-Glu12* fibroblasts. Measurements were performed on
50 cells for each condition with the mean values indicated by the black lines.

C) LDs in control and VAPA-Glu12* fibroblasts were stained with BODIPY and imaged using
confocal microscopy.

D) Cholesteryl ester (CE), triacylglycerol (TG) and ether-linked triacylglycerol (TG[O]) were
measured by LC-MS from lipid extracts of control or VAPA-Glu12* fibroblasts. Boxplots show
average (colored point) and median (black line) from 4 independent experiments.

E) Confocal images of RPE1 WT or VAPA KO, as well as control or VAPA-Glu12* fibroblasts
stained with Mitotracker red. Scale bars : 20 pm.

F) Automated quantification of mitochondrial morphology (form factor). Horizontal lines are
means of 3 independent experiments (500-3000 mitochondria analyzed per experiment).

G) Confocal images of endogenous OSBP and TGN46 visualized by immunofluorescence
staining in RPE1 cells KO for VAPA and transiently transfected for EGFP-VAPA or EGFP-
VAPAA78. Cells surrounded by dotted lines show that the presence of VAPA WT but not A78
rescues OSBP distribution.

H) Quantification of OSBP recruitment to the TGN. Horizontal lines are means from 3

independent experiments (~50 cells analyzed per condition).

Figure 5 : VAPA and ABCA3 form a functional pair at ER-LB membrane contact sites
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A) Widefield images of A549 cells WT or KO for VAPA, transiently transfected for ABCA3-
mCherry WT, E690K or YF>AA, and pulse-chased with BODIPY FL C12-HPC.

B) WT or VAPA KO A549 cells were transiently transfected for ABCA3-mCherry, fixed,
stained for filipin and imaged to assess FC distribution using widefield microscopy.

C) Quantification of the cellular fraction of the BODIPY FL C12-HPC signal present in LBs,
from experiments described in A. Results are mean = SD from 3 independent experiments
(~45 cells analyzed per condition).

D) Quantification of the filipin signal measured in LBs as a percentage of total cellular signal,
from experiments described in B. Results are mean * SD from 4 independent experiments
(~60 cells analyzed per condition).

E) Alphafold2 model of the human ABCA3 structure. The two halves of ABCA3 are colored
light cyan and wheat. A cytosol-facing loop between TMD1 and NBD1, highlighted in purple,
was not resolved in the cryo-EM structures of ABCA3 (PDB IDs: 7W01 and 7W02), and is
designated here as intrinsically disordered region (IDR). This loop encompasses an FFAT
motif, shown as colored sticks.

F) Tau-STED imaging of A549 VAPA KO cells transiently transfected for HTN-VAPA WT or
HTN-VAPAA78, and ABCA3-mCherry WT or YF>AA, labelled with Janelia Fluor 647 HaloTag
and fixed.

G) Widefield images of A549 VAPA KO cells transiently transfected for EGFP-VAPA WT or
A78, together with ABCA3-mCherry WT or YF>AA, fixed and stained with filipin.

H) Quantification of the filipin signal measured in LBs as a percentage of total cellular signal,
from experiments described in G. Results are mean * SD from 4 independent experiments
(~30-50 cells analyzed per condition).

[) Model of the partnership between VAPA and ABCA3 at membrane contact sites for LB lipid

buildup, which is impaired in VAPA-Glu12* cells.
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Figure S1. E12X patient BAL analysis and transmission electron microscopy of lung biopsy.

Related to Figure 1.



(A) Analysis of BAL lipids of the patient compared to other PAP and controls. Pie charts show the
different classes of lipids with the color code shown on the right side of the panel. Note the high
proportion of CE in the E12X patient.

(B) Overview of the total concentration of BAL lipids of the patient compared to other PAP and
controls.

(C) Quantification of LB morphology in lung samples from EM images. Left, E12X patient LB profiling.
Right, analysis of the volume fraction of dense cores in LBs. 1477 LB profiles were assessed in 150
AT?2 cells from 5 different lung samples from the E12X patient. Controls are from 3 “healthy” human
lung samples (obtained from the Ewald Weibel collection).

(D) Transmission electron microscopy images of a lung biopsy from the E12X patient showing intra-
alveolar lamellar protein/lipid material grouped around cholesterol crystals.

(E) E12X patient proteinosis evolution in relation to washed-out protein quantity upon whole lung
lavages. Data from left and right lungs are presented.
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Figure S2. Patient chromosome analysis and characterization of the VAPA E12X molecular and
cellular phenotype. Related to Figure 2.

(A) Single-nucleotide variants (SNVs) identified using Next-Generation Sequencing (NGS). Within the
chromosome areas 18p11.22-18q12.1, isodisomy was detected for the VAPA variant and all other
variants in homozygosity. These results correspond to a segmental maternal uniparental disomy 18p
(mUPD 18p).

(B) Mitotracker labeling and immunofluorescence staining of VAPA in control and VAPA-E12X primary
fibroblasts. VAPB is recruited to ER subdomains making close contacts with mitochondria in VAPA-
E12X fibroblasts.

(C) Expression of VAPA WT and VAPA-E12X variant with an attached Flag tag in RPE1 WT cells
analyzed by western blot. Note that the actual molecular weights differ from those of endogenously
expressed proteins due to the 2xFlag tag, which accounts for about 4-5 kDa.

(D) Schematic representation of the Kozak context of alternative downstream start codons.
Underlined ATG are in-frame start codons, with bold blue letters indicating conserved bases at
positions -3 and +4.
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Figure S3. Molecular dynamics simulation analysis of VAPA MSP WT or MSPA78 binding to FFAT.
Related to Figure 3.

(A) Initial conformations of the complexes between MSP WT (green) or MSPA78 (blue) and OSBP
FFAT used for MD simulations. FFAT residues EFFDAPE are shown in colored sticks.

(B) Close-up view of the most representative conformation of the FFAT motif interacting with VAPA
MSP WT, as obtained from simulation clustering. H-bond forming residues are color-coded (from grey
to blue for MSP, or from grey to red for FFAT) as a function of H-bond frequency during simulation.
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Figure S4. Rescue experiments assessing mitochondria morphology. Related to Figure 4.

(A) Confocal images of RPE1 VAPA KO transiently transfected for EGFP-VAPA or EGFP-VAPAA78 and
stained with Mitotracker red. Cells surrounded by dotted lines show that the expression of EGFP-
VAPA, but not EGFP-VAPAA78, rescues mitochondria elongated shape.

(B) Automated quantification of mitochondrial morphology (form factor). Horizontal lines are
means of 3 independent experiments (500-3000 mitochondria analyzed per experiment). The data
in the dotted rectangle are the same as in Figure 4F (RPE1 WT and KO conditions) and are included
here for comparison.
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Figure S5. Sequence analysis of the ABCA3 FFAT motif and structural model for ABCA3-VAPA
interaction at ER-LB contact sites. Related to Figure 5.



(A) Top, ABCA3 FFAT-like motif in comparison with the consensus FFAT motif. Bottom, WebLogo plot
obtained from a PSI-BLAST search on the region spanning residues 507-560 of human ABCA3 FFAT,
using the top 100 hits (66-100% sequence identity) to assess residues conservation.

(B) Multiple sequence alignment of human ABCA proteins generated using MUSCLE.

(C) Cryo-EM structure of ABCA3 (PDB 7W01). The two halves of ABCA3 are colored light cyan and
wheat. A cytosol-facing loop (IDR) between TMD1 and NBD1, highlighted in purple, was not resolved.
Lipid molecules resolved between the two TMD regions are shown in sticks.

(D) Putative domain organization of ABCA3 and VAPA interacting together at the interface between
two membranes. This model aims to show protein domains at scale, thus suggesting distance between
apposed membranes, here ~17-19 nm. The structural model takes into account the fact that VAPA is
a flexible protein that can extend its length and interacts with the FFAT motif of ABCA3 via one of its
MSP domains.





