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Abstract

[-propeller protein-associated neurodegeneration (BPAN) is the most prevalent subtype of
neurodegeneration with brain iron accumulation (NBIA) and is caused by mutations in
the WDR45 gene encoding the autophagy-related protein WIPI4. However, many WDR45
missense variants remain classified as variants of uncertain significance (VUS), highlighting
the need for reliable functional assays to support their clinical interpretation. In this study,
we identified the yeast ortholog of WDR45 and established a Saccharomyces cerevisiae-based
functional complementation assay to assess the pathogenicity of WDR45 variants. We
first showed that deletion of the 3-propellers that bind polyphosphoinositides (PROPPIN)-
encoding genes ATG18 or HSV2 causes mitochondrial dysfunction and impaired respiratory
growth. Human WDR45/WIPI4 specifically rescued the respiratory defect of the atg18A
strain, whereas WDR45B /WIPI3 complemented the isv2A phenotype, establishing yeast
Atg18 as the closest functional counterpart of WIPI4, thus clarifying PROPPIN orthology.
We then evaluated a panel of WDR45 variants and found that benign variants restored
normal growth, whereas truncating and pathogenic missense variants failed to complement
the atg18A phenotype, validating the assay for functional variant classification. Finally, we
analyzed several VUS identified in patients with clinically compatible BPAN and obtained
functional evidence supporting their pathogenicity. Overall, our study establishes a simple,
robust, and scalable yeast model that enables functional interpretation of WDR45 variants
and improves molecular diagnosis of BPAN.

Keywords: BPAN; WDR45; Saccharomyces cerevisiae; Atgl8; PROPPIN

1. Introduction

Neurodegeneration with Brain Iron Accumulation (NBIA) refers to a clinically and
genetically heterogeneous group of rare progressive neurodegenerative diseases whose
common hallmark is the iron accumulation in the basal ganglia, as revealed by brain
magnetic resonance imaging (MRI) showing T2-weighted signal hypointensity in globus
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pallidus and substantia nigra [1,2]. This group of diseases is inherited in an autosomal
dominant, recessive or X-linked mode. It is characterized by extra-pyramidal symptoms
such as dystonia and Parkinsonism, spasticity, associated with neuropsychiatric troubles,
optic atrophy or retinal degeneration. Age of onset ranges from childhood to adulthood,
with considerable variability in disease progression [3].

To date, 11 genes have been involved in NBIAs and four additional ones in NBIA-
like disorders. However, the most frequent clinical-genetic subtypes, accounting for
more than 75% of patients, relate to the pantothenate kinase-associated neurodegener-
ation (PKAN), PLA2G6-associated neurodegeneration (PLAN), mitochondrial membrane
protein-associated neurodegeneration (MPAN) and (3-propeller protein-associated neu-
rodegeneration (BPAN) forms which are associated with mutations in the PANK2, PLA2G6
C190rf12 and WDR45 genes respectively [3]. In terms of pathophysiology, data from the
literature suggest that, although iron accumulation plays a role in the pathogenesis of NBIA,
it is not considered the primary event in most subtypes [4,5]. Instead, emerging evidence
suggests that NBIA may result from an initial combined disruption of key cellular processes,
including lipid metabolism, mitochondrial function and autophagy that ultimately lead to
iron homeostasis dysregulation [6].

-propeller protein-associated neurodegeneration, BPAN, also referred to as NBIA5
(OMIM # 300894), is the only X-linked NBIA subtype and accounts for 40 to 45% of all
NBIA cases [7-9]. The average age of onset of the first symptoms is in early childhood,
with overall developmental delay, sleep disturbances and inconstant epilepsy. Neurolog-
ical deterioration occurs in adolescence or young adulthood with the onset of dystonia,
Parkinsonism and cognitive decline. Brain MRI is usually normal during childhood, or
with non-specific findings such as corpus callosum atrophy and delayed myelination. Bilat-
eral hypointensities in the substantia nigra and the globus pallidus typically arise during
adolescence or young adulthood. BPAN has been shown to result from loss-of-function
variants in the WDR45 gene located on the Xp11.23 chromosome and encoding the WD
repeat domain phosphoinositide-interacting protein 4 (WIPI4), one of the four members
of the PROPPIN ([3-propellers that bind polyphosphoinositides) protein family. WIPIs are
highly conserved proteins with a characteristic 7-bladed 3-propeller structure. They play
a prominent role in autophagy, but also in other membrane trafficking processes [10,11].
Despite the well-established role for WIPI4, the molecular mechanisms underlying BPAN
remain largely elusive, which contributes to the absence of specific treatment.

Next-generation sequencing techniques, including whole-exome sequencing (WES)
and, increasingly, whole-genome sequencing (WGS), have led to the identification of a
growing number of WDR45 gene variants of all types, establishing BPAN as the most preva-
lent NBIA subtype. However, many of the identified missense variants are classified as
variants of uncertain significance (VUS), posing a significant diagnostic challenge. Indeed,
even though in silico analyses are considered a valid tool in clinical practice for interpreting
genetic variants, their predictive power is limited and the lack of definitive functional
evidence often leaves patients in a prolonged state of diagnostic wandering. Determining
whether a VUS is disease-causing remains a crucial hurdle in the clinical management of
BPAN and genetic counselling.

Several model systems have been used to study BPAN, including murine model [12-16],
zebrafish [17], Dictyostelium [18], Drosophila melanogaster [19], patients-derived fibrob-
lasts [20-22], lymphoblastoid cell lines [23] and induced pluripotent stem cells [24,25].
However, the absence of a clear genotype-phenotype correlation in multicellular organisms
including mammalian models complicates the interpretation of variant effects. A simple,
genetically tractable system to assess the functional impact of WDR45 variants would
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provide an invaluable tool for clinicians and researchers, helping to refine diagnoses and
reduce uncertainty for patients.

Despite its apparent simplicity, the yeast Saccharomyces cerevisiae (S. cerevisiae) remains
an extremely useful model organism for exploring gene functions, protein—protein in-
teractions, and genotype—phenotype relationships. Many essential cellular processes are
conserved between yeast and humans, with approximately 60% of yeast genes having homo-
logues in humans and 87% of yeast protein domains conserved in human proteins, making
yeast highly suitable for translational research [26]. In addition, functional complementa-
tion assays using yeast have already been successfully used to assess the pathogenicity of
human missense variants, providing a rapid and informative platform [27,28].

Autophagy is a fundamental, evolutionarily conserved degradation and recycling
pathway which relies on the orchestrated action of autophagy-related (ATG) proteins [29].
During this process, a double-membrane phagophore originates from the endoplasmic
reticulum (ER), expands, engulfing cellular debris such as damaged proteins and organelles,
and matures into an autophagosome that fuses with lysosomes, whose enzymes will
degrade the enclosed cellular cargo. Among the core ATG proteins are members of the
PROPPIN family, namely (WIPI)1-4 proteins in mammals and Atgl8, Atg21, and Hsv2
proteins in yeast. These proteins share conserved structural features and likely functional
roles in the autophagy pathway. Phylogenetic analyses group Atgl8, Atg21, and WIPI1-2
in one clade, while Hsv2 is associated with WIPI3—4 in another. However, multiple studies
suggest that WIPI4 is functionally more akin to Atgl18 than to Hsv2. Indeed, numerous
studies have shown that WIPI4, like Atgl8, is essential to the autophagy process. In
yeast, Atg2 forms a complex with Atgl8 that binds PI3P via the conserved FRRG motif.
This complex mediates tethering between the endoplasmic reticulum and the phagophore
and transfers bulk lipids, allowing the autophagosome to expand [30]. The same type of
structure and interaction has been described for the WIPI4-ATG2 complex in mammals.
Through its PI3P-binding capacity, WIPI4 promotes ATG2 anchoring to the phagophore,
where ATG2 acts as a lipid channel for phospholipid transfer from the ER to the phagophore,
hence promoting phagophore elongation [30-34].

The cellular function of Hsv2 is not as well characterized. In yeast, while it does not ap-
pear to be involved in macroautophagy, Hsv2 may play a partial role in microphagy [35,36]
and in micronucleophagy [37] and has also recently been implicated in the Golgi membrane-
associated degradation (GOMED) pathway, an alternative and Atg5-independent au-
tophagy process [38,39]. Interestingly, Hsv2 shares a slightly higher similarity with WIPI3
than with WIPI4. While WIPI3 is involved in the same GOMED pathway, suggesting
that Hsv2 is more likely to be the yeast orthologue of WIPI3, Bueno-Arribas et al. [40]
have shown that Hsv2 also binds Atg2 via residues conserved in WIPI4, but not in Atg18,
complicating the orthology assignment.

To establish a yeast-based model for BPAN, we first sought to clarify the functional
homology between WIPI4 and the yeast Atgl8 and Hsv2 PROPPINs. Herein, using the S.
cerevisiae yeast model, we provided evidence that human WIPI4 is functionally homologous
to the yeast Atg18, but not the Hsv2 protein. This yeast model was subsequently validated
by functional complementation tests using plasmids expressing either wild-type or mutant
versions of WDR45 or ATG18. Finally, we demonstrated the utility of this model for
assessing the pathogenicity of several WDR45 VUS, providing a new tool to support variant
interpretation and improve diagnostic accuracy in BPAN patients.
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2. Results
2.1. Yeast Strains Atg18A and Hsv2A Display a Respiratory Phenotype

As a prerequisite to functional complementation experiments, it was essential to iden-
tify a phenotype in the atg18A and hsv2A yeast strains that could potentially be rescued by
the expression of the human WDR45 gene. Previous studies have reported that WDR45
pathogenic variants lead to mitochondrial abnormalities, including alteration of the mito-
chondrial network, reduced membrane potential, impaired ATP production, and defects in
respiratory chain activity, in both cellular and animal models (e.g., fibroblasts, transfected
cells and mice) [15,20,41]. Based on these findings, we hypothesized that deletion of ATG18
or HSV2 gene in yeast might similarly compromise mitochondrial function, potentially re-
sulting in defective respiratory growth. To test this hypothesis, we assessed the respiratory
capacity of the wild-type (WT), atg184, and hsv2A strains by spotting serial dilutions onto
media containing either fermentable (glucose) or non-fermentable, respiratory (ethanol or
glycerol) carbon sources, at both 28 °C and 36 °C.

As illustrated in Figure 1A, all strains grew similarly on glucose-containing media,
regardless of temperature. However, on respiratory media, both atg18A and hsv2A strains ex-
hibited delayed growth compared to the WT, with the impairment being more pronounced
at 36 °C. Notably, the respiratory growth defect was more severe in the atg18A strain than
in hsv2A, suggesting a greater role of Atgl8 protein in maintaining mitochondrial function
under these conditions.

To confirm and extend these findings, we monitored growth kinetics in liquid cul-
tures using either glucose, glycerol or ethanol as a sole carbon source over a 150 h period
(Figure 1B). In glucose-containing media, WT cells exhibited the characteristic diauxic
shift—a metabolic transition from fermentative to respiratory metabolism once glucose is
depleted. During this shift, yeast cells downregulate fermentation and upregulate mito-
chondrial pathways to metabolize ethanol produced earlier in fermentation. This transition
is typically marked by a transient growth slowdown followed by resumed growth via ox-
idative phosphorylation. In contrast, atg18A and hsv2A strains showed a severely impaired
diauxic shift, with markedly reduced growth compared to WT cells once mitochondrial
metabolism became essential, further supporting the hypothesis of mitochondrial dys-
function (Figure 1B). Similarly, when cultured directly in a strictly respiratory medium,
ethanol or glycerol, as the carbon source, both deleted strains displayed significant growth
retardation compared to WT (Figure 1B).

To directly assess mitochondrial function, we measured whole-cell oxygen consump-
tion. In the basal state, both atg18A and hsv2A strains retained 44 £ 3% and 56 =+ 3% of
the respiratory rate relative to WT, respectively. Upon addition of the uncoupler CCCP,
which induces maximal respiratory capacity, oxygen consumption increased in both mutant
strains, yet remaining approximately 50% lower than in WT cells (Figure 1C). These results
are consistent with the observed growth defects on respiratory media.

Together, these findings demonstrate that deletion of ATG18 or HSV2 genes in yeast
leads to mitochondrial dysfunction, with the atg18A strain displaying a more pronounced
defect. The resulting respiratory phenotypes resemble those seen in human models carrying
WDR45 pathogenic variants, thereby supporting the relevance of these yeast deleted strains
as suitable models to investigate functional homology between human WIPI4 protein and
its yeast counterparts Atgl8 and Hsv2.
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Figure 1. Yeast strains afg18A and hsv2A display a respiratory phenotype. (A) Cells from wild-type
(WT), atg18A and hsv2A strains, freshly grown at 28 °C in liquid culture with 2% glucose as carbon
source, were serially diluted and spotted onto solid media containing either 2% glucose, ethanol
or glycerol. Yeast growth was monitored over time and images were collected after a few days of
incubation at 28 °C or 36 °C as indicated. (B) Growth rates of WT, atg18A and hsv2A strains in liquid
media. Yeast cells were inoculated at an optical density of 0.1 ODgyonm /mL in 25 mL of liquid media
containing either 2% glucose, ethanol or glycerol and incubated at 36 °C with shaking over a period
of 150h. Optical density measurements at 600 nm were determined once or twice daily. The growth
curves are representative of three independent experiments. (C) Respiration rate was measured
on the same strains grown in liquid medium with 2% glycerol as described in (B). Briefly, when
the cells reached an ODg of 1, an aliquot was taken to measure respiration on cells alone or after
adding 10 uM CCCP. Respiration values were normalized relative to the wild-type strain. The graphs
represent the mean +/— SEM of 3 independent experiments. Statistical analyses were performed
using two-way Anova followed by Dunnett’s multiple comparison test. ****: p < 0.0001, ***: p = 0.0005
and **: p < 0.001.

2.2. Functional Homology Between Human WIPI4 and Yeast Atg18 but Not Hsv2 Proteins

To investigate the potential functional homology between the yeast proteins Atg18 and
Hsv2 and the human protein WIPI4, we engineered various yeast strains by introducing
plasmids containing either the yeast ATG18 or HSV2 genes, or the human WDR45 gene.
Control strains included wild-type, atg18A, and hsv2A cells transformed with an empty
plasmid (WT + pO, atg18A + p, and hsv2A + pJ) to assess any non-specific effects of
the plasmid itself on growth. In parallel, the atg18A and hsv2A deleted strains were also
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transformed with plasmids expressing ATG18, HSV2 or WDR45 genes (atg18A + pATG18,
atg18A + pWDR45; hsv2A + pHSV2, hsv2A + pWDR45).

Spot assays on fermentable media revealed that the plasmid had no impact on yeast
growth, as no significant differences were observed between WT and WT + p@ (data not
shown), or between the deleted strains and their empty vector controls (Figure 2A).
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Figure 2. Functional homology between the human WDR45 gene and yeast ATG18 or HSV2 genes.
(A) Cells from seven strains transformed with either the empty plasmid (WT + pJ, atg18A + pQ,
hsv2A + p@D) or the plasmid carrying the different genes (atg18A + pATG18, atg18A + pWDR45,
hsv2A + pHSV2, hsv2A + pWDR45) were grown at 28 °C in complete synthetic medium (CSM) with
2% glucose as a carbon source, then serially diluted and spotted onto minimum solid medium
without uracil (CSM-U) containing 2% glucose, glycerol, or ethanol. Yeast growth was monitored
over time and images were collected after a few days of incubation at 36 °C as indicated. Images are
representative of 3 independent experiments. (B) Cells from strains transformed with either empty
vector (WT + pQ, atg18A + pQ, hsv2A + pD) or vector carrying the two genes (atg18A + pWDR45,
hsv2A + pWDR45), freshly grown in complete synthetic medium without uracil (CSM-U), were
inoculated at ODgyonm = 0.1/mL in 25 mL of CSM-U with 2% ethanol and incubated at 36 °C with
shaking over a period of 160 h. Optical density measurements were determined once or twice daily.
The growth curves are representative of three independent experiments. (C) Oxygen consumption
rate was measured on these cultured strains at an ODgyonm = 1. Measures were performed on
cells alone or after adding 10 pM CCCP. Values were normalized relative to the WT + p@ strain.
The graphs represent the mean +/— SEM of 3 independent experiments. Statistical analyses were
performed using two-way Anova followed by Dunnett’s multiple comparison test. **: p < 0.001; ns :
not significant.
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As expected, all strains, regardless of plasmid content, grew normally on complete
synthetic media with glucose, at both 28 °C (data not shown) and 36 °C (Figure 2A),
indicating the absence of any negative side effects from the plasmid. In contrast, under
respiratory conditions (ethanol or glycerol media at 36 °C), the atg18A and hsv2A strains
harbouring the empty plasmid exhibited reduced growth compared to WT, with the atg18A
strain showing a more pronounced defect, as shown earlier. Importantly, reintroduction of
the native ATG18 or HSV2 gene into their respective deleted strains restored nearly normal
growth confirming that the observed growth defects were specifically due to the absence of
these genes. Furthermore, introducing the human WDR45 gene into the atg18A background
partially restored the respiratory growth phenotype to a level nearly identical to that seen
with the native ATG18 gene, while no rescue was observed in the hsv2A background as no
improvement in growth across serial dilutions was observed. Taken together, these findings
strongly support the idea that ATG18, but not HSV?2, functions as the yeast homolog of
human WDR45 (Figure 2A).

To reinforce these results, we monitored growth of the transformed strains in liquid
ethanol-based minimal medium at 36 °C. Consistent with solid media observations, the
atg18A + pJ strain displayed reduced growth relative to WT, a defect that was fully rescued
by WDR45 expression. Conversely, the growth delay in the /hsv2A strain is not rescued by
the introduction of the WDR45 gene (Figure 2B). These data confirm both the respiratory
deficiency in the atg18A mutant and the ability of WDR45 to complement this phenotype.

Finally, we measured mitochondrial function by assessing whole-cell oxygen con-
sumption. In basal conditions, the atg18A mutant exhibited approximately 50% lower
oxygen consumption than WT. This respiratory defect was largely corrected by expressing
either ATG18 or WDR45. Upon CCCP treatment, which uncouples oxidative phospho-
rylation, respiration increased in all strains; however, the atg18A mutant still showed a
40-50% deficit, while strains expressing ATG18 or WDR45 displayed near-normal levels
of respiration (Figure 2C). These results further support a strong functional equivalence
between ATG18 and WDR45 in maintaining mitochondrial respiratory function.

Yamaguchi et al. [38] reported that WIPI3, rather than WIPI4, serves as the functional
mammalian ortholog of the yeast protein Hsv2. To explore this possibility in our model,
we conducted drop test assays to assess the growth of the hsv2A strain transformed with
either an empty plasmid, or plasmids expressing human WDR45 or three different clones
of WIPI3. Growth was evaluated on solid media to determine the ability of each construct
to rescue the respiratory phenotype. As shown in Figure 3, only the plasmids expressing
WIPI3 were able to rescue the growth defect of the hsv2A strain, while WDR45 had no
effect. These results confirm that WIPI3, and not WIPI4, is the functional ortholog of yeast
protein Hsv2.

2.3. Validation of the Yeast System as a Useful Diagnostic Tool

Given the demonstrated functional homology between human WDR45 and yeast
ATGI18 genes, we sought to exploit our yeast complementation system as a model to evalu-
ate the pathogenic potential of WDR45 missense variants identified in BPAN-suspected
patients. As a first validation step, we introduced into the atg18A mutant strain, pWDR45
plasmids carrying various WDR45 variants previously reported as benign (c.251A>G,
p-(D84N); c.838G>A, p.(V280M)) or pathogenic (c.508C>T, p.(Q170%)), and assessed their
ability to rescue respiratory growth.

As shown in Figure 4A, the nonsense variant Q170* failed to complement the growth
defect, clearly indicating a loss of function and supporting its pathogenicity. In contrast,
expression of the D84N and V280M variants fully restored respiratory growth of the atg18A
strain to wild-type level, consistent with their classification as benign. However, these
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initial missense variants affected residues not conserved in yeast. To further evaluate
the predictive power of the yeast model, we also tested a missense variant targeting
a highly conserved amino acid residue: ¢.698G>A (p.R233Q) which affects a conserved
arginine within the L/FRRG motif, a domain essential for PI3P binding and autophagosome
formation [37,42—44]. In line with its predicted deleterious effect, the R233Q variant failed
to rescue the respiratory defect of the atgl8A mutant (Figure 4A), as previously seen with
the pathogenic Q170* variation.

CSM-U + Glucose CSM-U + Glycerol
2 days 8 days
WT+p@
hsv2A+p®
hsv2A+pWDR45

hsv2A+pWIPI3-1

hsv2A+pWIPI3-2

hsv2A+pWIPI3-3

Figure 3. Functional homology between the human WIPI3 and yeast HSV2 genes. Cells from
six strains transformed with either the empty vector (WT + pJ, hsv2A + pD) or the vector carrying
WDR45 or WIPI3 genes (hsv2A + pWDR45 or 3 different clones of hsv2A + pWIPI3_1 to 3), freshly
grown at 28 °C in complete synthetic medium (CSM) containing 2% glucose were serially diluted
and spotted onto minimum solid media without uracil containing 2% glucose or glycerol. Yeast
growth was monitored over time and images were collected after a few days of incubation at 36 °C as
indicated. Images are representative of 3 independent experiments.

To further validate the functional consequences of the R233Q substitution, we in-
troduced the corresponding amino acid change (R286Q) into the yeast ATG18 gene by
site-directed mutagenesis. The resulting construct (pATG18-R286Q)) was expressed in the
atg18A mutant background. On fermentable medium, the strain harbouring the mutated
gene (atgl8A + pATG18-R286Q) exhibited growth comparable to both the wild-type strain
and the atg18A strain complemented with wild-type ATG18. In contrast, when grown
on respiratory media (ethanol or glycerol), the mutant strain displayed a marked growth
defect, indicating that the R286Q variant was unable to restore mitochondrial function,
reproducing the defective phenotype observed with the WDR45-R233Q variant and further
supporting its pathogenic nature (Figure 4B).

To strengthen these findings, we evaluated the growth of six yeast strains (WT + pd,
atgl8A + pY, atgl8A + pATGI1S8, atgl8A + pATG18-R286Q), atgl8A + pWDR45, and
atgl8A + pWDR45-R233Q) in minimal liquid ethanol medium at 36 °C (CSM-U + ethanol).
As expected, the respiratory growth defect of the atgl8A mutant was improved by the
expression of either the wild-type yeast ATG18 or human WDR45 gene. In contrast, neither
the mutated yeast gene (pATG18-R286Q) nor the human variant (pWDR45-R233Q) could
restore normal growth under these conditions (Figure 4C).

Collectively, these results confirm the pathogenic nature of the R233Q) missense variant
and further validate the yeast complementation assay as a robust and informative model
for the functional characterization of WDR45 variants identified in BPAN patients.
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atgl8A+pWDR45-R233Q
atg18A+pWDR45-V280M
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Figure 4. Validation of the yeast system as a useful diagnostic tool. (A) Cells from the wild-type
and mutant atg18A strains transformed with either empty vector (WT + pJ, atg18A + pD) or vector
carrying the WDR45 gene normal (atg18A + pWDR45) or mutated (atg18A + pWDR45-D84N, pWDR45-
Q170%, pWDR45-R233Q, pWDR45-V280M), freshly grown at 28 °C in liquid medium containing 2%
glucose were serially diluted and spotted onto solid media containing either 2% glucose, glycerol
or ethanol. Yeast growth was monitored over time and images were collected after a few days of
incubation at 36 °C, as indicated. (B) Complementation of the growth delay phenotype of the atg18A
strain by the ATG18 gene, normal (atg18A + pATG18) or carrying a variant affecting a conserved amino
acid of the LRRG motif (atg18A + pATG18-R286Q)). The protocol used is identical to that in (A). Images
are representative of three different experiments. (C) Cells from strains transformed with either
empty vector (atg18A + pD) or vector carrying WDR45 or ATG18 genes, normal (atg18A + pWDR45,
atg18A + pATG18) or mutated (atg18A + pWDR45-R233Q), atg18A + pATG18-R286Q), freshly grown
in complete synthetic medium without uracil (CSM-U), were inoculated at ODggonm = 0.1/mL in
25 mL of CSM-U with 2% ethanol and incubated at 36 °C with shaking over a period of 120 h. Optical
density measurements were determined once or twice daily. The growth curves are representative of
three independent experiments.

2.4. Using the Yeast System to Determine the Pathogenicity of WDR45 Missense Variants Found
in BPAN Patients

With a validated and robust yeast complementation model in place, we proceeded
to evaluate the functional impact of four WDR45 variants reported in clinical databases
(HGMD, ClinVar.), or identified in suspected BPAN patients: three missense variants
(c.290T>C, p.(Leu97Pro); c.296T>C, p.(Phe99Ser); and c.500G>T, p.(Gly167Val)) and one
in-frame deletion (c.749_751del, p.(Ser250del)). None of the variants were present in
GnomAD. The variants L97P, F99S and G167V were classified as uncertain significance by
in silico analyses (class 3; PM1, PM2, PP3, according toForgot to define the abbreviation
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American College of Medical Genetics and Genomics (ACMG) guidelines) [45]. Only the
Ser250del variant was listed in ClinVar as pathogenic/likely pathogenic and classified as
such according to ACMG guidelines (class 4, PM1, PM2, PM4, PP5). This variant has been
reported as de novo in several unrelated individuals [46—48]. Amino acids L97 and F99 are
located within the third WD repeat of WIPI4, while residues G167 and S250 are found in
WD repeats 4 and 6 respectively, and only one of them (G167) is evolutionarily conserved
in yeast.

Drop-test assays were performed by expressing each variant in the atg18A yeast strain,
and the results are presented in Figure 5. Expression of the F99S, L97P, S250del, and G167V
variants failed to restore normal growth under respiratory conditions, indicating a loss
of function consistent with a pathogenic effect (Figure 5A-D). Notably, since the G167
residue is conserved between WIPI4 and its yeast homolog Atgl8, we introduced the
corresponding variants (G190V) into the yeast ATG18 gene. As shown in Figure 5E, this
mutant allele was unable to complement the respiratory deficiency of the atg18A strain,
mirroring the loss-of-function phenotype observed with the human G167V variant. These
findings provide further functional validation of the G167V pathogenicity.

Glucose Ethanol Glycerol
1day 6 days 6 days

atg18A+pWDR45-197P |

A WT+p@
atg18A+pP

atg18A+pWDR45
atg18A+pWDR45-5250del

B WT+p®

atg18A+pP
atg18A+pWDR45

C WT+p@
atg18A+p@
atg18A+pWDR45

atg18A+pWDR45-F995

D WT+p@
atg18A+p® §
atg18A+pWDR45
atg18A+pWDR45-G167V

E WT+p@

atg18A+p@

atg18A+pATG18
atg18A+pATG18-G190V |

Figure 5. Determination of the pathogenicity of WDR45 missense variants found in BPAN pa-

tients. Cells from the wild-type and mutant atg18A strains transformed with either empty vector
(WT + pO, atg18A + pD) or vector carrying the genes ATG18 or WDR45 normal (atg18A + pATG18,
atg18A + pWDR45) or mutated, freshly grown at 28 °C in liquid medium containing 2% glucose
were serially diluted and spotted onto solid media containing either 2% glucose or ethanol. Yeast
growth was monitored over time and images were collected after a few days of incubation at 36 °C as
indicated. (A) atg18A + pWDR45-5250del (B) atg18A + pWDR45-L97P (C) atg18A + pWDR45-F99S
(D) atg18A + pWDR45-G167V (E) atg18A + pATG18-G190V. Images are representative of three differ-
ent experiments.
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3. Discussion

In this study, we have established a robust yeast-based functional model to investigate
BPAN and to support the interpretation of WDR45 variants, addressing a major unmet
need highlighted in the literature. By demonstrating the functional conservation between
human WIPI4 and yeast Atg18, we were able to develop tools to clarify the pathogenicity of
WDR45 variants of uncertain significance identified in BPAN patients using mitochondrial
defects as a functional complementation test.

One of the central outcomes of this work is the demonstration that human WIPI4/WDR45
is functionally homologous to yeast Atgl8, but not to Hsv2. This finding resolves a
long-standing ambiguity in the literature regarding PROPPIN orthology. Phylogenetic
analyses have consistently separated PROPPINs into two main clades: Atgl8/WIPI1-2
and Hsv2/WIPI3—4. Based on sequence similarity alone, WIPI4 clusters more closely
with Hsv2 than with Atgl8, leading to the hypothesis that Hsv2 might represent the
yeast orthologue of WIPI4. However, functional studies have increasingly challenged this
assumption [35,49-51].

Our complementation assays provide direct functional evidence supporting Atg18
as the true functional counterpart of WIPI4. Expression of human WDR45 rescued the
growth and respiratory defects of the atg18A strain, but had no effect on respiratory growth
phenotype in hsv2A cell. Conversely, WIPI3—but not WIPI4—rescued the hsv2A phenotype,
in agreement with previous reports linking WIPI3 and Hsv2 to non-canonical autophagy
pathways such as GOMED [38]. These results underscore the limitations of phylogenetic
inference alone and emphasize the importance of functional assays when assigning or-
thology, particularly within protein families that have undergone subfunctionalization
during evolution.

Taken together, our findings support a model in which Atg18 and WIPI4 share con-
served molecular functions related to ATG2 recruitment, PI3P binding, and phagophore
expansion, whereas Hsv2 and WIPI3 represent a distinct functional branch of the PROP-
PIN family.

A second major finding is the identification of a marked respiratory growth defect
in atg18A yeast cells, along with significantly reduced oxygen consumption. This pheno-
type mimics mitochondrial abnormalities reported in BPAN patient-derived fibroblasts,
neuronal models, and animal systems, including disrupted mitochondrial morphology,
decreased membrane potential, impaired oxidative phosphorylation, and reduced ATP
production [15,20].

Although Atgl8 is classically defined as an autophagy protein, our data, along
with other studies, suggest that its loss has profound consequences for mitochondrial
metabolism [22,52,53]. This is consistent with the intimate links between autophagy, partic-
ularly mitophagy, and mitochondrial homeostasis. In yeast, Atg18 is essential for efficient
phagophore expansion through its interaction with Atg?2, a lipid-transfer protein that sup-
plies membranes required for autophagosome biogenesis. Disruption of this process likely
compromises mitochondrial quality control, leading to the accumulation of dysfunctional
mitochondria and reduced respiratory capacity.

Importantly, similar mitochondrial phenotypes have been described in BPAN models
where autophagic flux is impaired but not completely abolished. This supports the grow-
ing view that mitochondrial dysfunction is not merely a secondary consequence of iron
accumulation, but a central component of BPAN pathophysiology. Our results therefore
align with literature suggesting that BPAN arises from combined defects in autophagy,
lipid trafficking, and mitochondrial maintenance, with iron dyshomeostasis emerging as a
downstream or amplifying factor rather than the primary cause [17,50].
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Another major strength of this study is the validation of a simple, robust, and geneti-
cally tractable assay to assess the functional impact of WDR45 variants. To date, according
to the Human Gene Mutation Database (HGMD), 170 WDR45 variants have been associated
with BPAN. While the majority are truncating variants, 20% are missense variants whose
pathogenicity remains unclear, presenting a significant challenge for clinical interpretation.
These missense variants are frequently classified as variants of uncertain significance (VUS)
due to conflicting in silico predictions or inconclusive scoring based on ACMG criteria, and
currently, there is no standardized functional assay to assess their impact on WIPI4 activity.
Using respiratory growth as readout, we were able to clearly identify the impact of different
WDR45 variants classified as VUS and reclassify them as likely benign or pathogenic based
on their functional consequences.

Notably, the model proved informative even for variants affecting residues not con-
served between yeast and humans, demonstrating that strict evolutionary conservation is
not a prerequisite for functional assessment, thereby validating, within the context of the
BPAN, the principle of the well-known humanized yeast model [28].

At the same time, we showed that introducing equivalent variants at conserved
residues in yeast ATG18 reproduced the phenotypes observed with the corresponding
human WDR45 variants. This dual validation, using both the human gene and the yeast or-
thologue, strongly reinforces the pathogenic interpretation of these variants and highlights
the versatility of the system.

Thanks to the widespread use of whole-exome and -genome sequencing, an increas-
ing number of patients are now receiving a molecular diagnosis of BPAN. However, a
distinctive feature of this NBIA subtype is its biphasic clinical course. Consequently, the
diagnosis cannot be confirmed by MRI during the early stage of the disease, as abnormal
iron accumulation is not yet detectable. When sequencing identifies variants of uncertain
significance (VUS), patients may remain in diagnostic uncertainty without access to ap-
propriate genetic counselling until they enter the second phase of the disease, which is
characterized by the appearance of abnormal iron deposits visible on MRI.

A yeast complementation assay provides functional evidence that can add to in silico
predictions and segregation data, thereby helping to refine the classification of variants and
contribute to a definitive diagnosis.

Beyond variant interpretation, the yeast model offers a powerful platform for ther-
apeutic discovery. The clear and quantifiable respiratory phenotype associated with
WDR45/ATG18 dysfunction is well suited for high-throughput screening of chemical
libraries. Compounds that restore respiratory growth or oxygen consumption in the atg18A
strain expressing pathogenic WDR45 variants could represent candidate molecules capable
of bypassing or compensating for autophagy-related defects.

Given the conservation of core autophagy and mitochondrial pathways, hits identified
in yeast could serve as a starting point for validation in more complex cellular and animal
models. This strategy has proven successful in other neurodegenerative diseases and could
accelerate the identification of disease-modifying therapies for BPAN, for which no specific
treatment currently exists.

4. Materials and Methods
4.1. Selection of Variants Studied

In order to validate the yeast model, we first selected variants of the WDR45 gene
whose benign or pathogenic nature had already been established, either because they
were present at a high frequency in databases [c.251A>G, p.(Asp84Asn), c.838G>A,
p-(Val280Met)], or because they were considered pathogenic as they created a premature
stop codon (nonsense variant) [c.508C>T, p.(GIn170%)].
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We then selected a variant present in ClinVar and identified in a patient suspected
of having BPAN, affecting an amino acid belonging to the L/FRRG motif and highly
conserved, including in yeast. This variant, c.698G>A , p.(Arg233Gln), is absent from
gnomAD and considered as a likely pathogenic VUS class 4, with the ACMG criteria PM1,
PM2, PM5, PP3 [45].

Finally, we selected four variants reported in the HGMD or ClinVar databases and iden-
tified in patients presenting with a clinical phenotype and MRI findings suggestive of BPAN.
These variants were absent from GnomAD and classified as VUS based on in silico predic-
tion analyses. These included three missense variants [c.290T>C, p.(Leu97Pro); ¢.296T>C,
p-(Phe99Ser); and c.500G>T, p.(Glyl67Val)] and one in frame deletion [c.749_751del,
p-(Ser250del)]. Among these variants, three had been studied from a functional perspective.
Shimizu et al. [50] had analyzed the effect on autophagy of the Phe99Ser, Leu97Pro, and
Ser250del variants, but they need to use a HEK293T cell line double knockout for WIPI3
and WIPI4, since single KO cells showed no or only slight phenotype. They were thus able
to demonstrate in this model a significant, though not complete, reduction in autophagy for
the Leu97Pro variant, near-normal activity for the Phe99Ser variant, and intermediate activ-
ity for the Ser250del variant. Furthermore, the impact of the Ser250del variant, reported in
three publications [46—48], was studied in fibroblasts from a patient carrying the variant.
Ferrera et al. [48] showed only a minimal impact on autophagy, but a clear mitochondrial
phenotype, notably reduced oxidative phosphorylation and impaired complex I assembly.

To improve readability, unless otherwise stated, the one-letter codes for amino acids
will be used throughout the rest of the manuscript.

4.2. Yeast Strains, Media and Plasmid Construction

All yeast strains derived from the BY4742 strain, referred to here as WT and presenting
the following genotype: MATo his3A1 leu2A0 lys2A0 ura3A0. The hsv2A and atg18A
strains were purchased from the biological resource centers ATCC (Molsheim, France) and
Euroscarf (Oberursel, Germany), respectively.

Yeast strains were grown either in rich or minimal media, liquid or solid, depending
on the experiment. Rich media contained 1% (w/v) yeast extract, 1% (w/v) bactopeptone
((Condalab, Dutscher, Bernolsheim, France), 40 mg/L adenine with 2% carbon source
(glucose, ethanol or glycerol) (Sigma Aldrich, St Quentin Fallavier, France).

Defined minimal media consisted of 0.08% (w/v) Complete Supplement Mixture
lacking uracil (CSM-U; Formedium, Norfolk, UK), supplemented with 0.167% (w/v) yeast
nitrogen base without amino acids (Condalab, Dutscher, Bernolsheim, France), 0.5% (w/v)
ammonium sulfate (Acros Organics, Thermofisher Scientific, Illkirch, France), 40 mg/L
adenine and 2% carbon source (glucose, ethanol or glycerol).

When required, 2% (w/v) minimal or rich agar (Sigma Aldrich, St Quentin Fallavier,
France), was added for solid media preparation. Media were sterilized by autoclaving at
120 °C for 35 min.

The human and yeast genes were cloned into the pYES2-CT vector (ThermoFisher
Scientific, Illkirch, France) containing the URA3 selectable marker gene.

The human WDR45 cDNA (NM_001029896.2) synthetized from control human fibrob-
lasts RNA, was amplified by polymerase chain reaction (PCR) using primers containing
EcoRI and Xhol restriction sites in their respective 5’ overhangs. The yeast ATG18 and
HSV2 genes, including approximately 1000 nucleotides of their respective promoter regions,
were amplified by PCR from genomic DNA of the wild-type S. cerevisiae strain BY4742 with
primers containing EcoRI and Xhol restriction sites. Primer sequences are available upon
request from the authors.
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Purified PCR products were ligated into the EcoRI—Xhol digested pYES2/CT plasmid
using T4 DNA ligase (New England Biolabs, Evry, France), and used to transform chemi-
cally competent E. coli DH5« cells (ThermoFisher Scientific, Illkirch, France). Large-scale
plasmid preparation was performed using the NucleoBond® Xtra EF plasmid purifica-
tion kit (Macherey-Nagel, Hoerdt, France), according to the manufacturer’s instructions.
The accuracy of the constructs was verified by Sanger sequencing (Eurofins Genomics,
Ebersberg, Germany).

The WDR45 mutant constructs were generated from the WDR45-pYES2/CT plasmid,
using the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Les Ulis, France)
and confirmed by direct DNA sequencing (Eurofins Genomics, Ebersberg, Germany).

Yeast strains were transformed by the different plasmid constructs according to the
PolyEthylen Glycol PEG-LiAc method and then plated onto appropriate selective me-
dia [54]. Transformant colonies were typically visible after 3 days of incubation at 28 °C.
We have isolated several independent transformants (3—6 colonies) for each construct to
minimize the impact of clone-to-clone variation in plasmid copy number and transgene
expression. All transformants carried identical plasmid promoters and selection mark-
ers, with the mutation of interest representing the only variable. Because independent
transformants are expected to exhibit natural variation in plasmid copy number and ex-
pression levels, the consistent observation of the same phenotype across multiple clones
provides strong evidence that the phenotype results from the mutation itself rather than
from differences in transgene dosage or expression.

4.3. Yeast Growth Assay in Solid or Liquid Media

To assess growth phenotypes, serial dilutions were prepared from cultures normalized
to an optical density at 600 nm (ODg) of 1, yielding dilutions ranging from 10° to 10~4.
Aliquots from each dilution were spotted onto the appropriate solid media. Plates were
incubated at 28 °C and/or 36 °C for several days, depending on the growth rate of the
strains and the experimental conditions and pictures were taken every 24h. Drop tests were
performed on between 3 and 6 different clones.

Growth kinetics were monitored in liquid medium by measuring optical density at
600 nm at defined time points using a spectrophotometer (Avantor—VWR Int., Rosny,
France). Yeast cultures were incubated at 36 °C with continuous shaking at 240 rpm to
ensure proper aeration.

4.4. Measurement of Respiration Rates in Whole Cells

Yeast cells were harvested during exponential growth phase when the ODgg reached
1.0. After centrifugation, cells were resuspended in 1 mL of reaction medium consisting
of 1% (w/v) yeast extract and 1% (w/v) bactopeptone. Oxygen consumption rates were
measured using a Clark-type oxygen electrode (Oxygraph System, Hansatech Instruments,
Synersy, Rivesaltes, France) at 28 °C. To assess maximal respiratory capacity, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was added to a final concentration of 10 uM to
uncouple oxidative phosphorylation. Oxygen consumption was recorded continuously,
and respiration rates were calculated from the linear decrease in oxygen concentration
over time. Respiration rates were normalized to cell density and expressed as oxygen
consumption per unit of ODgqy.

Author Contributions: VM., CM.D. and ].-P.L. performed the experiments and collected the data.
I.C. and J.-P.L. conceived, designed and supervised the study. VM., CM.D,, I.C. and J.-P.L. analyzed
the data. I.C. and J.-P.L. wrote the first draft of the manuscript. .C., J.-PL., C.A., PE, G.S. and C.G.
reviewed, edited and finalized the final version of the manuscript. All authors have read and agreed
to the published version of the manuscript.

https://doi.org/10.3390/ijms27157054


https://doi.org/10.3390/ijms27157054

Int. J. Mol. Sci. 2026, 27, 7054 15 of 17

Funding: This project was funded by grants from the “Autour du BPAN” Association.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors sincerely thank the patients and families of the Autour du BPAN
Association for their generous financial support of this project.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lehericy, S.; Roze, E.; Goizet, C.; Mochel, F. MRI of neurodegeneration with brain iron accumulation. Curr. Opin. Neurol. 2020, 33,
462-473. [CrossRef] [PubMed]

2. Rouault, T.A. Iron metabolism in the CNS: Implications for neurodegenerative diseases. Nat. Rev. Neurosci. 2013, 14, 551-564.
[CrossRef] [PubMed]

3. Gregory, A.; Kurian, M.A.; Wilson, J.; Hayflick, S. Neurodegeneration with Brain Iron Accumulation Disorders Overview. In
GeneReviews®; Adam, M.P, Ardinger, H.H., Pagon, R.A., Wallace, S.E., Bean, L.].H., Mirzaa, G., Amemiya, A., Eds.; 2013 [Updated
2025 March]; University of Washington: Seattle, WA, USA, 1993.

4. Hinarejos, I.; Machuca-Arellano, C.; Sancho, P.; Espinés, C. Mitochondrial Dysfunction, Oxidative Stress and Neuroinflammation
in Neurodegeneration with Brain Iron Accumulation (NBIA). Antioxidants 2020, 9, 1020. [CrossRef] [PubMed]

5. Levi, S; Finazzi, D. Neurodegeneration with Brain Iron Accumulation: Update on Pathophysiology and Treatment. Front.
Pharmacol. 2014, 5, 99. [CrossRef] [PubMed]

6.  Agostini, F; Sgalletta, B.; Bisaglia, M. Iron Dyshomeostasis in Neurodegeneration with Brain Iron Accumulation (NBIA): Is It the
Cause or the Effect? Cells 2024, 13, 1376. [CrossRef] [PubMed]

7. Hayflick, S.J.; Kruer, M.C.; Gregory, A.; Haack, T.B.; Kurian, M.A.; Houlden, H.H.; Anderson, J.; Boddaert, N.; Sanford, L.; Harik,
S.I; et al. p-Propeller protein-associated neurodegeneration: A new X-linked dominant disorder with brain iron accumulation.
Brain 2013, 136, 1708-1717. [CrossRef] [PubMed]

8.  Haack, T.B.; Hogarth, P.; Kruer, M.C.; Gregory, A.; Wieland, T.; Schwarzmayr, T.; Graf, E.; Sanford, L.; Meyer, E.; Kara, E.; et al.
Exome Sequencing Reveals De Novo WDR45 Mutations Causing a Phenotypically Distinct, X-Linked Dominant Form of NBIA.
Am. ]. Hum. Genet. 2012, 91, 1144-1149. [CrossRef] [PubMed]

9. Cong, Y.; So, V.; Tijssen, M.A.].; Verbeek, D.S.; Reggiori, F; Mauthe, M. WDR45, one gene associated with multiple neurodevelop-
mental disorders. Autophagy 2021, 17, 3908-3923. [CrossRef] [PubMed]

10. Almannai, M.; Marafi, D.; El-Hattab, A.W. WIPI proteins: Biological functions and related syndromes. Front. Mol. Neurosci. 2022,
15,1011918. [CrossRef] [PubMed]

11. Proikas-Cezanne, T.; Haas, M.L.; Pastor-Maldonado, C.J.; Schiissele, D.S. Human WIPI beta-propeller function in autophagy and
neurodegeneration. FEBS Lett. 2024, 598, 127-139. [CrossRef] [PubMed]

12. Zhao, Y.G,; Sun, L.; Miao, G.; Ji, C.; Zhao, H.; Sun, H.; Miao, L.; Yoshii, S.R.; Mizushima, N.; Wang, X.; et al. The autophagy
gene Wdr45/Wipi4 regulates learning and memory function and axonal homeostasis. Autophagy 2015, 11, 881-890. [CrossRef]
[PubMed]

13. Wan, H.,; Wang, Q.; Chen, X.; Zeng, Q.; Shao, Y.; Fang, H.; Liao, X.; Li, H.S.; Liu, M.G.; Xu, T.L.; et al. WDR45 contributes to
neurodegeneration through regulation of ER homeostasis and neuronal death. Autophagy 2020, 16, 531-547. [CrossRef] [PubMed]

14. Noda, M,; Ito, H.; Nagata, K.I. Physiological significance of WDR45, a responsible gene for 3-propeller protein associated
neurodegeneration (BPAN), in brain development. Sci. Rep. 2021, 11, 22568. [CrossRef] [PubMed]

15. Biagosch, C.A.; Vidali, S.; Faerberboeck, M.; Hensler, S.V.; Becker, L.; Amarie, O.V.; Aguilar-Pimentel, A.; Garrett, L.; Klein-
Rodewald, T.; Rathkolb, B; et al. A comprehensive phenotypic characterization of a whole-body Wdr45 knock-out mouse. Mamm.
Genome 2021, 32, 332-349. [CrossRef] [PubMed]

16. Wang, P; Shao, Y.; Al-Nusaif, M.; Zhang, J.; Yang, H.; Yang, Y.; Kim, K,; Li, S.; Liu, C.; Cai, H.; et al. Pathological characteristics of
axons and alterations of proteomic and lipidomic profiles in midbrain dopaminergic neurodegeneration induced by WDR45-
deficiency. Mol. Neurodegener. 2024, 19, 62. [CrossRef] [PubMed]

17.  Zhu, Y.; Fujimaki, M.; Snape, L.; Lopez, A.; Fleming, A.; Rubinsztein, D.C. Loss of WIPI4 in neurodegeneration causes autophagy-

independent ferroptosis. Nat. Cell Biol. 2024, 26, 542-551. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27157054


https://doi.org/10.1097/WCO.0000000000000844
https://www.ncbi.nlm.nih.gov/pubmed/32657887
https://doi.org/10.1038/nrn3453
https://www.ncbi.nlm.nih.gov/pubmed/23820773
https://doi.org/10.3390/antiox9101020
https://www.ncbi.nlm.nih.gov/pubmed/33092153
https://doi.org/10.3389/fphar.2014.00099
https://www.ncbi.nlm.nih.gov/pubmed/24847269
https://doi.org/10.3390/cells13161376
https://www.ncbi.nlm.nih.gov/pubmed/39195264
https://doi.org/10.1093/brain/awt095
https://www.ncbi.nlm.nih.gov/pubmed/23687123
https://doi.org/10.1016/j.ajhg.2012.10.019
https://www.ncbi.nlm.nih.gov/pubmed/23176820
https://doi.org/10.1080/15548627.2021.1899669
https://www.ncbi.nlm.nih.gov/pubmed/33843443
https://doi.org/10.3389/fnmol.2022.1011918
https://www.ncbi.nlm.nih.gov/pubmed/36157071
https://doi.org/10.1002/1873-3468.14782
https://www.ncbi.nlm.nih.gov/pubmed/38058212
https://doi.org/10.1080/15548627.2015.1047127
https://www.ncbi.nlm.nih.gov/pubmed/26000824
https://doi.org/10.1080/15548627.2019.1630224
https://www.ncbi.nlm.nih.gov/pubmed/31204559
https://doi.org/10.1038/s41598-021-02123-3
https://www.ncbi.nlm.nih.gov/pubmed/34799629
https://doi.org/10.1007/s00335-021-09875-3
https://www.ncbi.nlm.nih.gov/pubmed/34043061
https://doi.org/10.1186/s13024-024-00746-4
https://www.ncbi.nlm.nih.gov/pubmed/39183331
https://doi.org/10.1038/s41556-024-01373-3
https://www.ncbi.nlm.nih.gov/pubmed/38454050
https://doi.org/10.3390/ijms27157054

Int. J. Mol. Sci. 2026, 27, 7054 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tornero—Ecija, A.; Tébara, L.C.; Bueno-Arribas, M.; Antén-Esteban, L.; Navarro-Gémez, C.; Sanchez, I1.; Vincent, O.; Escalante, R.
A Dictyostelium model for BPAN disease reveals a functional relationship between the WDR45/WIPI4 homolog Wdr45L and
Vmpl in the regulation of autophagy-associated PtdIns3P and ER stress. Autophagy 2022, 18, 661-677. [CrossRef] [PubMed]
Celle, M.; Aniorte, S.; Issa, A.R.; Falabregue, M.; Jin, H.; Sanchez-Mirasierra, I.; Ding, S.; Soukup, S.F; Seugnet, L.; Liao, L.; et al. A
dwdr45 knock-out drosophila model to decipher the role of autophagy in BPAN. Hum. Mol. Genet. 2026, 35, ddaf198. [CrossRef]
[PubMed]

Seibler, P.; Burbulla, L.F,; Dulovic, M.; Zittel, S.; Heine, J.; Schmidt, T.; Rudolph, F.; Westenberger, A.; Rakovic, A.; Miinchau,
A.; et al. Iron overload is accompanied by mitochondrial and lysosomal dysfunction in WDR45 mutant cells. Brain 2018, 141,
3052-3064. Erratum in Brain 2019, 142, 10. [CrossRef] [PubMed]

Diaw, S.H.; Ganos, C.; Zittel, S.; Plotze-Martin, K.; Kulikovskaja, L.; Vos, M.; Westenberger, A.; Rakovic, A.; Lohmann, K,;
Dulovic-Mahlow, M. Mutant WDR45 Leads to Altered Ferritinophagy and Ferroptosis in 3-Propeller Protein-Associated Neu-
rodegeneration. Int. . Mol. Sci. 2022, 23, 9524. [CrossRef] [PubMed]

Suarez-Carrillo, A.; Alvarez-Cérdoba, M.; Romero-Gonzalez, A.; Talaverén-Rey, M.; Povea-Cabello, S.; Cilleros-Holgado,
P; Pifiero-Pérez, R.; Reche-Lépez, D.; Gémez-Fernandez, D.; Romero-Dominguez, ].M.; et al. Antioxidants Prevent Iron
Accumulation and Lipid Peroxidation, but Do Not Correct Autophagy Dysfunction or Mitochondrial Bioenergetics in Cellular
Models of BPAN. Int. . Mol. Sci. 2023, 24, 14576. [CrossRef] [PubMed]

Saitsu, H.; Nishimura, T.; Muramatsu, K.; Kodera, H.; Kumada, S.; Sugai, K.; Kasai-Yoshida, E.; Sawaura, N.; Nishida, H.; Hoshino,
A.; et al. De Novo Mutations in the Autophagy Gene WDR45 Cause Static Encephalopathy of Childhood with Neurodegeneration
in Adulthood. Nat. Genet. 2013, 45, 445-449. [CrossRef] [PubMed]

Huang, N.; Ouyang, Q.; Gong, Y.; Xiang, J.; Zhang, Q.; Chen, C.; Ding, Y.; An, Y. WDR45 deficiency shortens axon length in
dopaminergic neurons from patient-derived iPSCs. Hum. Mol. Genet. 2025, 34, 1836-1843. [CrossRef] [PubMed]

Li, Y,; Fang, J.; Ding, Y.; Zhang, X.; Liu, Y.; Qiu, W,; Xu, H.; Kang, Y.; Chen, J.; Gao, Y.; et al. 3-propeller protein-associated
neurodegeneration protein WDR45 regulates stress granule disassembly via phase separation with Caprin-1. Nat. Commun. 2025,
16, 5227. [CrossRef] [PubMed]

Peterson, T.A.; Park, D.; Kann, M.G. A protein domain-centric approach for the comparative analysis of human and yeast
phenotypically relevant mutations. BMC Genom. 2013, 14, S5. [CrossRef] [PubMed]

Yang, F; Sun, S.; Tan, G.; Costanzo, M.; Hill, D.E.; Vidal, M.; Andrews, B.J.; Boone, C.; Roth, FP. Identifying pathogenicity of
human variants via paralog-based yeast complementation. PLoS Genet. 2017, 13, €1006779. [CrossRef] [PubMed]

Kachroo, A.H.; Vandeloo, M.; Greco, B.M.; Abdullah, M. Humanized yeast to model human biology, disease and evolution. Dis.
Model. Mech. 2022, 15, dmm049309. [CrossRef] [PubMed]

Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 2011,
27,107-132. [CrossRef] [PubMed]

Kotani, T.; Kirisako, H.; Koizumi, M.; Ohsumi, Y.; Nakatogawa, H. The Atg2-Atgl8 complex tethers pre-autophagosomal
membranes to the endoplasmic reticulum for autophagosome formation. Proc. Natl. Acad. Sci. USA 2018, 115, 10363-10368.
[CrossRef] [PubMed]

Chowdhury, S.; Otomo, C.; Leitner, A.; Ohashi, K.; Aebersold, R.; Lander, G.C.; Otomo, T. Insights into autophagosome biogenesis
from structural and biochemical analyses of the ATG2A-WIPI4 complex. Proc. Natl. Acad. Sci. USA 2018, 115, E9792-E9801.
[CrossRef] [PubMed]

Goémez-Sanchez, R.; Rose, ].; Guimaraes, R.; Mari, M.; Papinski, D.; Rieter, E.; Geerts, W.J.; Hardenberg, R.; Kraft, C.; Ungermann,
C.; et al. Atg9 establishes Atg2-dependent contact sites between the endoplasmic reticulum and phagophores. J. Cell Biol. 2018,
217,2743-2763. [CrossRef] [PubMed]

Noda, N.N. Structural view on autophagosome formation. FEBS Lett. 2024, 598, 84-106. [CrossRef] [PubMed]

Vargas Duarte, P.; Reggiori, F. The Organization and Function of the Phagophore-ER Membrane Contact Sites. Contact 2023, 6,
25152564231183898. [CrossRef] [PubMed]

Yasumori, K.; Ushimaru, T. Hsv2, a yeast PROPPIN, drives bulk and selective microautophagy. Biochem. Biophys. Res. Commun.
2026, 811, 153577. [CrossRef] [PubMed]

Taylor, M.E,; Foerster, J.; Kramer, F.; Strubel, N.; Thumm, M. The autophagic and non-autophagic functions of the S. cerevisiae
PROPPIN Hsv2. Autophagy 2026, Online ahead of print, 1-18. [CrossRef]

Krick, R.; Henke, S.; Tolstrup, J.; Thumm, M. Dissecting the localization and function of Atg18, Atg21 and Ygr223c. Autophagy
2008, 4, 896-910. [CrossRef] [PubMed]

Yamaguchi, H.; Honda, S.; Torii, S.; Shimizu, K.; Katoh, K.; Miyake, K.; Miyake, N.; Fujikake, N.; Sakurai, H.T.; Arakawa, S.; et al.
Wipi3 is essential for alternative autophagy and its loss causes neurodegeneration. Nat. Commun. 2020, 11, 5311. [CrossRef]
[PubMed]

Arakawa, S.; Yamaguchi, H.; Shimizu, S. Discovery of Golgi membrane-associated degradation (GOMED) pathway: A focus on
15 years of ultrastructural analyses. Microscopy 2025, 74, 315-329. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27157054


https://doi.org/10.1080/15548627.2021.1953262
https://www.ncbi.nlm.nih.gov/pubmed/34328055
https://doi.org/10.1093/hmg/ddaf198
https://www.ncbi.nlm.nih.gov/pubmed/41459814
https://doi.org/10.1093/brain/awy230
https://www.ncbi.nlm.nih.gov/pubmed/30169597
https://doi.org/10.3390/ijms23179524
https://www.ncbi.nlm.nih.gov/pubmed/36076926
https://doi.org/10.3390/ijms241914576
https://www.ncbi.nlm.nih.gov/pubmed/37834028
https://doi.org/10.1038/ng.2562
https://www.ncbi.nlm.nih.gov/pubmed/23435086
https://doi.org/10.1093/hmg/ddaf135
https://www.ncbi.nlm.nih.gov/pubmed/40984649
https://doi.org/10.1038/s41467-025-60583-x
https://www.ncbi.nlm.nih.gov/pubmed/40473629
https://doi.org/10.1186/1471-2164-14-S3-S5
https://www.ncbi.nlm.nih.gov/pubmed/23819456
https://doi.org/10.1371/journal.pgen.1006779
https://www.ncbi.nlm.nih.gov/pubmed/28542158
https://doi.org/10.1242/dmm.049309
https://www.ncbi.nlm.nih.gov/pubmed/35661208
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://www.ncbi.nlm.nih.gov/pubmed/21801009
https://doi.org/10.1073/pnas.1806727115
https://www.ncbi.nlm.nih.gov/pubmed/30254161
https://doi.org/10.1073/pnas.1811874115
https://www.ncbi.nlm.nih.gov/pubmed/30185561
https://doi.org/10.1083/jcb.201710116
https://www.ncbi.nlm.nih.gov/pubmed/29848619
https://doi.org/10.1002/1873-3468.14742
https://www.ncbi.nlm.nih.gov/pubmed/37758522
https://doi.org/10.1177/25152564231183898
https://www.ncbi.nlm.nih.gov/pubmed/37465355
https://doi.org/10.1016/j.bbrc.2026.153577
https://www.ncbi.nlm.nih.gov/pubmed/41806572
https://doi.org/10.1080/15548627.2026.2671338
https://doi.org/10.4161/auto.6801
https://www.ncbi.nlm.nih.gov/pubmed/18769150
https://doi.org/10.1038/s41467-020-18892-w
https://www.ncbi.nlm.nih.gov/pubmed/33082312
https://doi.org/10.1093/jmicro/dfaf023
https://www.ncbi.nlm.nih.gov/pubmed/40358620
https://doi.org/10.3390/ijms27157054

Int. J. Mol. Sci. 2026, 27, 7054 17 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bueno-Arribas, M.; Blanca, I.; Cruz-Cuevas, C.; Escalante, R.; Navas, M.A.; Vincent, O. A conserved ATG2 binding site in WIPI4
and yeast Hsv2 is disrupted by mutations causing beta-propeller protein-associated neurodegeneration. Hum. Mol. Genet. 2022,
31,111-121. [CrossRef] [PubMed]

Aring, L.; Choi, EK.; Kopera, H.; Lanigan, T.; Iwase, S.; Klionsky, D.J.; Seo, Y.A. A neurodegeneration gene, WDR45, links
impaired ferritinophagy to iron accumulation. J. Neurochem. 2022, 160, 356-375. [CrossRef] [PubMed]

Nair, U.; Cao, Y;; Xie, Z.; Klionsky, D.J. Roles of the lipid-binding motifs of Atgl8 and Atg?21 in the cytoplasm to vacuole targeting
pathway and autophagy. J. Biol. Chem. 2010, 285, 11476-11488. [CrossRef] [PubMed]

Obara, K; Sekito, T.; Niimi, K.; Ohsumi, Y. The Atg18-Atg2 complex is recruited to autophagic membranes via phosphatidylinosi-
tol 3-phosphate and exerts an essential function. J. Biol. Chem. 2008, 283, 23972-23980. [CrossRef] [PubMed]

Stremhaug, PE.; Reggiori, F.; Guan, J.; Wang, C.W.; Klionsky, D.]. Atg21 is a phosphoinositide binding protein required for
efficient lipidation and localization of Atg8 during uptake of aminopeptidase I by selective autophagy. Mol. Biol. Cell 2004, 15,
3553-3566. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
Verhoeven, W.M.; Egger, ].I.; Koolen, D.A.; Yntema, H.; Olgiati, S.; Breedveld, G.J.; Bonifati, V.; van de Warrenburg, B.P. Beta-
propeller protein-associated neurodegeneration (BPAN), a rare form of NBIA: Novel mutations and neuropsychiatric phenotype
in three adult patients. Park. Relat. Disord. 2014, 20, 332-336. [CrossRef] [PubMed]

Ferrera, G.; Derderian, K,; 1zzo, R.; Gnutti, B.; Legati, A.; Zorzi, G.; Lamantea, E.; Iuso, A.; Ardissone, A. WDR45-related
encephalopathy mimicking Leigh syndrome associated with complex I deficiency: A case report. Eur. J. Hum. Genet. 2025, 33,
248-251. [CrossRef] [PubMed]

Redon, S.; Benech, C.; Schutz, S.; Despres, A.; Gueguen, P.; Le Berre, P.; Le Marechal, C.; Peudenier, S.; Meriot, P; Parent, P; et al.
Intragenic deletion of the WDR45 gene in a male with encephalopathy, severe psychomotor disability, and epilepsy. Am. J. Med.
Genet. A 2017, 173, 1444-1446. [CrossRef] [PubMed]

Vincent, O.; Antén-Esteban, L.; Bueno-Arribas, M.; Tornero-Ecija, A.; Navas, M.A.; Escalante, R. The WIPI Gene Family and
Neurodegenerative Diseases: Insights from Yeast and Dictyostelium Models. Front. Cell Dev. Biol. 2021, 9, 737071. [CrossRef]
[PubMed]

Shimizu, T.; Tamura, N.; Nishimura, T.; Saito, C.; Yamamoto, H.; Mizushima, N. Comprehensive analysis of autophagic functions
of WIPI family proteins and their implications for the pathogenesis of 3-propeller associated neurodegeneration. Hum. Mol.
Genet. 2023, 32,2623-2637. [CrossRef] [PubMed]

Marquardt, L.; Thumm, M. Autophagic and non-autophagic functions of the Saccharomyces cerevisiae PROPPINs Atg18, Atg21
and Hsv2. Biol. Chem. 2023, 404, 813-819. [CrossRef] [PubMed]

Lee, H.E.; Jung, M.K,; Noh, S.G.; Choi, H.B.; Chae, S.H.; Lee, ] H.; Mun, J.Y. Iron Accumulation and Changes in Cellular Organelles
in WDR45 Mutant Fibroblasts. Int. J. Mol. Sci. 2021, 22, 11650. [CrossRef] [PubMed]

Wydrych, A.; Pakula, B.; Janikiewicz, J.; Dobosz, A.M.; Jakubek-Olszewska, P.; Skowroriska, M.; Kurkowska-Jastrzebska, I.; Cwyl,
M.; Popielarz, M.; Pinton, P.; et al. Metabolic impairments in neurodegeneration with brain iron accumulation. Biochim. Biophys.
Acta Bioenerg. 2025, 1866, 149517. [CrossRef] [PubMed]

Gietz, R.D. Yeast transformation by the LiAc/SS carrier DNA /PEG method. Methods Mol. Biol. 2014, 1205, 1-12. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27157054


https://doi.org/10.1093/hmg/ddab225
https://www.ncbi.nlm.nih.gov/pubmed/34368840
https://doi.org/10.1111/jnc.15548
https://www.ncbi.nlm.nih.gov/pubmed/34837396
https://doi.org/10.1074/jbc.M109.080374
https://www.ncbi.nlm.nih.gov/pubmed/20154084
https://doi.org/10.1074/jbc.M803180200
https://www.ncbi.nlm.nih.gov/pubmed/18586673
https://doi.org/10.1091/mbc.e04-02-0147
https://www.ncbi.nlm.nih.gov/pubmed/15155809
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1016/j.parkreldis.2013.11.019
https://www.ncbi.nlm.nih.gov/pubmed/24368176
https://doi.org/10.1038/s41431-024-01745-1
https://www.ncbi.nlm.nih.gov/pubmed/39578614
https://doi.org/10.1002/ajmg.a.38180
https://www.ncbi.nlm.nih.gov/pubmed/28371320
https://doi.org/10.3389/fcell.2021.737071
https://www.ncbi.nlm.nih.gov/pubmed/34540850
https://doi.org/10.1093/hmg/ddad096
https://www.ncbi.nlm.nih.gov/pubmed/37364041
https://doi.org/10.1515/hsz-2023-0126
https://www.ncbi.nlm.nih.gov/pubmed/37139661
https://doi.org/10.3390/ijms222111650
https://www.ncbi.nlm.nih.gov/pubmed/34769084
https://doi.org/10.1016/j.bbabio.2024.149517
https://www.ncbi.nlm.nih.gov/pubmed/39366438
https://doi.org/10.1007/978-1-4939-1363-3_1
https://www.ncbi.nlm.nih.gov/pubmed/25213235
https://doi.org/10.3390/ijms27157054

	Introduction 
	Results 
	Yeast Strains Atg18 and Hsv2 Display a Respiratory Phenotype 
	Functional Homology Between Human WIPI4 and Yeast Atg18 but Not Hsv2 Proteins 
	Validation of the Yeast System as a Useful Diagnostic Tool 
	Using the Yeast System to Determine the Pathogenicity of WDR45 Missense Variants Found in BPAN Patients 

	Discussion 
	Materials and Methods 
	Selection of Variants Studied 
	Yeast Strains, Media and Plasmid Construction 
	Yeast Growth Assay in Solid or Liquid Media 
	Measurement of Respiration Rates in Whole Cells 

	References

