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De novo missense variants in phosphatidylinositol
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associated with altered phosphoinositide signaling

Manuela Morleo,!225* Rossella Venditti,!3.2> Evangelos Theodorou,+25 Lauren C. Briere,*

Marion Rosello,> Alfonsina Tirozzi,2.¢ Roberta Tammaro,! Nour Al-Badri,> Frances A. High,” Jiahai Shi,8
Undiagnosed Diseases Network, Telethon Undiagnosed Diseases Program, Elena Putti,> Luigi Ferrante,!
Viviana Cetrangolo,! Annalaura Torella,.2 Melissa A. Walker,” Romano Tenconi,'© Maria lascone,!!
Davide Mei,!2 Renzo Guerrini,!2 Jasper van der Smagt,!3 Hester Y. Kroes,!3 Koen L.I. van Gassen,!?
Muhammad Bilal,’* Muhammad Umair,!> Veronica Pingault,'¢ Tania Attie-Bitach,!¢ Jeannine Amiel, ¢
Resham Ejaz,'” Lance Rodan,'8:1° Marcella Zollino,2° Pankaj B. Agrawal,2!.22 Filippo Del Bene,>26
Vincenzo Nigro,22¢ David A. Sweetser,%26.* and Brunella Franco!.23.24,26

Summary

Phosphoinositides (PIs) are membrane phospholipids produced through the local activity of PI kinases and phosphatases that selectively
add or remove phosphate groups from the inositol head group. PIs control membrane composition and play key roles in many cellular
processes including actin dynamics, endosomal trafficking, autophagy, and nuclear functions. Mutations in phosphatidylinositol 4,5
bisphosphate [PI(4,5)P2] phosphatases cause a broad spectrum of neurodevelopmental disorders such as Lowe and Joubert syndromes
and congenital muscular dystrophy with cataracts and intellectual disability, which are thus associated with increased levels of PI1(4,5)P2.
Here, we describe a neurodevelopmental disorder associated with an increase in the production of PI(4,5)P2 and with PI-signaling
dysfunction. We identified three de novo heterozygous missense variants in PIP5K1C, which encodes an isoform of the phosphatidyli-
nositol 4-phosphate 5-kinase (PIP5KIy), in nine unrelated children exhibiting intellectual disability, developmental delay, acquired
microcephaly, seizures, visual abnormalities, and dysmorphic features. We provide evidence that the PIP5KIC variants result in an in-
crease of the endosomal PI(4,5)P2 pool, giving rise to ectopic recruitment of filamentous actin at early endosomes (EEs) that in turn
causes dysfunction in EE trafficking. In addition, we generated an in vivo zebrafish model that recapitulates the disorder we describe
with developmental defects affecting the forebrain, including the eyes, as well as craniofacial abnormalities, further demonstrating
the pathogenic effect of the PIP5K1C variants.

Introduction

Phosphoinositides (PIs) are cellular membrane lipids pro-
duced by selective phosphorylation of the inositol head
group of phosphatidylinositol. The inositol head group is
phosphorylated at the 3, 4, and 5 positions to produce

trisphosphate. The addition or removal of phosphate
groups from the inositol head group is mediated by phos-
phoinositide kinases and phosphatases, respectively,
which are all well conserved during evolution.

PIs are important regulators of the composition of organ-
elle membranes, where they exhibit a highly localized sub-

three monophosphates, three bisphosphates, and a single ~ cellular distribution." In addition, PIs recruit a wide range
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of enzymes, ion channels, scaffolding proteins, trafficking
regulators, and cytoskeletal motors to membranes, regu-
lating their function and localization.” The heterogeneous
distribution and rapid turnover of PIs contributes to their
regulation of key cellular functions, including membrane
trafficking, actin dynamics, endosomal trafficking, plasma
membrane composition, autophagy, and nuclear
functions."*”’

The PI phosphatidylinositol 4,5 bisphosphate ([PI(4,5)
P2] plays an important role in many cellular signaling
pathways and has been extensively studied.® It is localized
mainly at the plasma membrane of cells, although smaller
pools are found on the membranes of endosomes, auto-
phagosomes, and lysosomes.” PI(4,5)P2 is generated by
either the phosphorylation of phosphatidylinositol
5-phosphate (PISP) at position 4 by the phosphatidylinosi-
tol 5-phosphate 4-kinase (PIP4K) or by the phosphoryla-
tion of phosphatidylinositol 4-phosphate (PI4P) at posi-
tion 5 by phosphatidylinositol 4-phosphate 5-kinase
(PIPSK). Cellular levels of PI4P are approximately ten times
higher than PISP levels, so it seems plausible that the major
synthetic pathway for the formation of PI(4,5)P2 involves
the activity of PIP5Ks. Three isoforms have been described
for PIPSK: PIP5KIe, PIPSKIP, and PIPSKIy.'”

The PIPSKIy protein localizes to the plasma membrane,
focal adhesions, and adherens junctions;''"'? to endoso-
mal and lysosomal compartments; and to the nucleus.'*'*
Among the signaling-mediated downstream processes,
PIPSKIy regulates actin assembly, focal adhesion dy-
namics, and the trafficking of several proteins to and
from the plasma membrane.'"'*">"'% It plays a key role
in the brain, where it is expressed in the radial glia, neuro-
blasts, and differentiated neurons during cerebral cortex
development.'® PIP5KIy is one of the major regulators
maintaining appropriate levels of the synaptic pool of
PI(4,5)P2,?° and it is essential for synaptic transmission
and synaptic vesicle trafficking.”’** Loss of PIP5KIy is
embryonically lethal in mice.**

Pathogenic variants in multiple proteins regulating
PI(4,5)P2 levels have been implicated in recessive neurode-
velopmental Mendelian disorders. For example, Lowe syn-
drome, also known as oculocerebrorenal syndrome (OCRL,
MIM: 309000, X-linked recessive), caused by loss-of-func-
tion variants in OCRL (MIM: 300535), typically presents
with congenital cataracts, renal tubular dysfunction, and
intellectual disability.”* Joubert syndrome 1 (JBTS1, MIM:
213300, autosomal recessive), due to loss-of-function vari-
ants in INPPSE (MIM: 613037), is characterized by cere-
bellar hypoplasia/aplasia, ataxia, motor delays, and breath-
ing abnormalities.”* Congenital muscular dystrophy with
cataracts and intellectual disability (MDCCAID, MIM:
607875, autosomal recessive) is due to loss of function of
INPPSK (MIM: 607875).%>?% All three of these genes
encode 5-phosphatases that dephosphorylate PI(4,5)P2 to
generate PI4P,>’ > and the loss of enzymatic activity in
these disorders leads to increased levels of PI(4,5)P2 in
Lowe®”*! and Joubert’*” syndromes, and presumably also

in MDCCAID, as a consequence of the decreased phospha-
tase activity.”?°

By contrast, lethal congenital contractural syndrome 3
(LCCS3, MIM: 611369, autosomal recessive), due to loss
of function of PIP5KIy kinase (PIP5K1C, MIM: 606102),
is associated with reduced PI(4,5)P2 levels.>* This disorder
is characterized by severe joint contractures, muscle atro-
phy, and respiratory insufficiency.*

Here, we report nine individuals with three heterozy-
gous de novo missense variants in PIP5K1C. These unrelated
individuals share an overlapping phenotypic spectrum
comprising intellectual disability, developmental delay,
microcephaly, seizures, ocular abnormalities, and dysmor-
phic features. We demonstrate that these are gain-of-func-
tion variants, resulting in increased PI(4,5)P2 levels. We
further verified the accumulation of PI(4,5)P2 in early en-
dosomes (EEs) in fibroblasts from one of the affected indi-
viduals, which, in turn, resulted in enhanced recruitment
of filamentous actin (F-actin) on the endosomal compart-
ment. We also show that the association of F-actin with
EEs affects endosomal functionality, as observed in fibro-
blasts from the affected individual. In addition, we gener-
ated mutant zebrafish larvae that recapitulate the pheno-
type observed in affected individuals with defects of the
forebrain, including eye development, as well as craniofa-
cial abnormalities, further supporting the pathogenicity
of the variants. Collectively, our data provide compelling
evidence that these three PIP5K1C missense variants result
in an autosomal-dominant neurodevelopmental disorder
associated with aberrant PI signaling.

Material and methods

Ascertainment and study approval

All families provided informed consent. Individuals 1 (I-1) and 4
(I-4) were ascertained through their participation in the Undiag-
nosed Diseases Network (UDN) study, which was approved by
the National Institutes of Health Intramural Institutional Review
Board (IRB). Individual 2 (I-2) was ascertained through the Tele-
thon Undiagnosed Disease Program (TUDP). Individuals 3, 5, 6,
7, 8, and 9 (respectively I-3, I-5, I-6, I-7, I-8, I-9) were ascertained
clinically. The various research and clinical teams were connected
with web-based tools Matchmaker Exchange®* and Gene-
Matcher.* The procedures followed were in accordance with the
ethical standards of the responsible committee on human experi-
mentation (institutional and national) for all individuals studied.
The parents and/or legally authorized representatives of all
affected individuals gave permission for their inclusion in this
publication. Written consent for the publication of photos was ob-
tained for I-1, I-2, 1-4, I-5, 1-6, I-7, and I-8.

Variant identification and classification

Molecular genetic analyses were performed in different research
and clinical diagnostic centers. The details of these analyses are
given in supplemental information. The PIPSKIC variants were
identified with whole-exome sequencing for eight affected indi-
viduals and whole-genome sequencing for the remaining individ-
ual. Trio or quad sequencing was performed for all but I-3 and I-8,
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who had proband-only exome sequencing. Variant filtering was
done through locally developed pipelines, taking into account
the quality of the variant calling, presence in population data-
bases, predicted impact on the encoded protein, and segregation
of the variants. Clinical information was collected via standard-
ized clinical templates that were completed by collaborating
clinicians.

PIPSK1C transcript GenBank: NM_012398.3 was used for
variant nomenclature. Most relevant in silico impact predictions
were also evaluated, such as combined annotation-dependent
depletion (CADD) version 1.4,°° Varsome,®” PolyPhen-2,*® and
SIFT.*? gnomAD was used to assess population frequency.*’

Cell cultures and treatments

Fibroblasts from I-2 and two unrelated control individuals were
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco)
supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, 1% antibiotics (penicillin/streptomycin), and 1% so-
dium pyruvate. Cells were allowed to grow at 37°C and 5% CO5.

Immunofluorescence

Cells were grown on glass coverslips and treated as described
above. They were fixed for 10 min in 4% paraformaldehyde
(PFA) in PBS, washed three times with PBS, and permeabilized
with 0.05% saponin, 0.5% BSA, 50 mM NH,Cl, and 1X PBS (block-
ing buffer) for 45 min. Cells were incubated with the following pri-
mary antibodies at room temperature (RT) for 2 h: anti-early endo-
some antigen 1 (EEA1) 1:200 (Cell Signaling Technologies, 3288T),
anti-LAMP1 1:200 (Abcam, Ab24170), and anti-FLAG (Sigma-
Aldrich, F1804). Phalloidin was used to detect actin (1:300, Life
Technologies, A12380). Cells were then washed three times with
PBS and incubated with the appropriate secondary antibody con-
jugated to Alexa Fluor 488 or Alexa Fluor 568 (Invitrogen) for 1 h
at RT. DNA was stained with Hoechst (Sigma-Aldrich, 33342). After
three washings with PBS, slides were mounted on coverslips with
Mowiol (Millipore).

Detection and quantification of intracellular PI(4,5P)2
and PI4P levels

Fibroblasts from individual I-2 were double-stained for PI4P and
PI(4,5)P2 and for endosomal or lysosomal compartments using
anti-PI4P (Echelon Biosciences, Z-P004), anti-PI(4,5)P2 (Echelon
Biosciences, Z-P045), anti-EEA1, and anti-LAMP1 antibodies
following the protocol of Hammond et al.*' Briefly, cells were fixed
with 2% PFA for 15 min at RT, washed three times in PBS supple-
mented with 50 mM NH4Cl, and permeabilized by using digitonin
(20 uM) for 5 min in buffer A (20 mM PIPES, pH 6.8, 137 mM NacCl,
and 2.7 mM KCl). After three rinses in buffer A, cells were blocked
for 45 min with blocking solution (buffer A supplemented with
5% [vol/vol] FBS and 50 mM NH,CI) and incubated with primary
antibodies diluted in blocking solution for 1 h at RT. Cells were
then washed with buffer A, incubated with fluorescence-conju-
gated secondary antibodies for 1 h, and finally postfixed for
5 min in 2% PFA. 10-15 fields (each containing 10-15 cells)
were randomly sampled and imaged at the same microscope set-
tings (laser power and detector amplification) and below pixel
saturation. The mean intensity per cell was determined with the
Image] software. For total PI4P- or PI(4,5)P2-level measurements,
a mask on the whole cell was generated, and the mean fluores-
cence intensities of PI4P, PI(4,5)P2, EEA1, and LAMP1 were
measured. For PI(4,5)P2-level assessment at endosomes, a mask us-

ing the endosomal marker EEA1 was generated for each cell, and
the mean intensities of both PI(4,5)P2 and EEA1 were measured
in those regions. After background subtraction, the PI(4,5)P2
values were normalized singularly with their own EEA1 values.

Confocal fluorescence microscopy, image processing,
and fluorescence quantification

Cells were imaged with a Plan-Apochromat 40x, 63 %, or 100x/
1.4 oil objective on a Zeiss LSM700, Zeiss LSM800, or LSM880
confocal system equipped with an AiryScan module and
controlled by the Zen blue software. The images used for quantifi-
cation were acquired with the same parameters (i.e., digital gain,
laser power, magnification) and processed with Fiji (ImageJ; Na-
tional Institutes of Health) software. Specifically, to calculate the
percentage of EEA1/phalloidin-positive structures, EEA1 spots
were identified for each cell by using the “analyze particles” tool
of Fiji software, and the fluorescence mean intensities of phalloi-
din for each particle were measured. The percentage of EEA/phal-
loidin double-positive particles was calculated individually for
each cell. Brightness and contrast were adjusted with Adobe Pho-
toshop, and figure panels were assembled with Adobe Illustrator.
All of the experiments were performed at least three times, and
representative images are shown. For analysis of immunofluores-
cence data, 50-90 cells were counted for each condition.

Transferrin trafficking assays

Control and I-2 fibroblasts were seeded at 80% density into 24-well
plates and cultured overnight. Cells were serum-starved for 1 h at
37°C, and then they were washed twice in cold PBS with 1% BSA
and incubated with 50 pg/mL Alexa-Fluor-546-Transferrin (Tf,
Thermo Fisher) for 1 h at 37°C. After extensive washing with com-
plete HEPES-buffered DMEM, the recycling of Tf was followed by
incubating the cells in complete medium at 37°C for the indicated
time. To measure the Tf binding, fibroblasts were serum-starved for
2 h, washed twice in cold PBS supplemented with 1% BSA, and
50 pg/mL Alexa-Fluor-546-Tf was added for 1 h at 4°C. For the
binding, cells were fixed soon after the incubation period. To eval-
uate the internalization, cells were washed extensively with com-
plete HEPES-buffered DMEM, and Tf was followed by incubating
the cells in the presence of complete medium at 37°C for the indi-
cated times. The cells were then acid washed (150 mM Nac(l,
10 mM acetic acid, pH 3.5) before fixing.

To perform quantitative image analysis, 10 randomly chosen
fields that included 8-10 cells each were scanned with a 40x oil-
immersion objective with the same setting parameters (laser po-
wer and detector amplification) below pixel saturation. The
mean intensity per cell was determined with Fiji software, and
all pixel values above background levels were quantified. All of
the experiments were repeated at least twice, and representative
images are shown.

Zebrafish husbandry and embryo maintenance

Zebrafish (Danio rerio) were maintained at 28°C on a 14-h light/
10-h dark cycle. Fish were housed in the animal facility of the
laboratory in the Institut de la Vision (Paris, France), which
was built according to the respective local animal welfare
standards. All animal procedures were performed in accordance
with French and European Union animal welfare guidelines
with protocols approved by the ethics committee for animal
experimentation of Sorbonne Université (APAFIS#21323-
2019062416186982).
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In vivo mRNA microinjections, imaging, and
phenotyping

Molecular cloning

To generate the pCS2+_PIPSK1C-WT, pCS2+_PIP5SK1C-c.436G>A
(p.Glul46Lys), pCS2+_PIPSK1C-c.614A>G (p.Tyr205Cys), pCS2+_
PIPSK1C-c.662A>G (p.Tyr221Cys), and pCS2+_PIP5K1C-c.757
G>A (p.Asp253Asn) plasmids, NEBuilder HiFi DNA Assembly Clon-
ing Kit (New England Biolabs, E5520S) was used, and the PCR frag-
ments were inserted into the pCS2+ plasmid®” linearized with the
EcoRI restriction enzyme. The primer sequences used to amplify
the inserts are available upon request. Variants are shown in the
GenBank: NM_012398.3 transcript.

mRNA synthesis

To synthesize mRNAs in vitro, pCS2+_PIPSK1C-WT, pCS2+_
PIP5SK1C-p.Glul46Lys, pCS2+_PIPSK1C-p.Tyr205Cys, pCS2+_PIPS
K1C-p.Tyr221Cys, pCS2+_GFP, and pCS2+_CBE4max-SpRY*? plas-
mids were linearized with NotlI restriction enzyme, and mRNAs were
synthesized by in vitro transcription with the mMESSAGE
mMACHINE Sp6 kit (Ambion, AM1340) with 1 pL of guanosine
triphosphate (GTP) from the kit added to the mix. The final products
were purified with the RNeasy kit (QIAGEN, 74104).
Micro-injections

For the injection of the different PIP5K1C mRNAs, one nanoliter of
each mix was injected into the cell at one-cell-stage zebrafish em-
bryos. To form the synthetic single-guide RNA (sgRNA) complex
prior to injection, a mix of 2 pL of the Alt-R CRISPR-Cas9 CRISPR
RNA (crRNA) (100 pmol/uL) and 2 uL of Alt-R CRISPR-Cas9 trans-
activating CRISPR RNA (tracrRNA) (100 pmol/uL) from Integrated
DNA Technologies was incubated at 95°C for 5 min, cooled down
to RT, and then kept on ice. One nanoliter of another mix contain-
ing cytosine base editor (CBE) mRNA (600 ng/uL) and the syn-
thetic sgRNA complex (43 pmol/uL) was then injected into the
cell of one-cell-stage zebrafish embryos. The crRNA sequences
used in this study are listed in supplemental information.

Whole-embryo DNA sequencing

For genomic DNA extraction, single or pooled embryos were di-
gested for 1 h at 55°C in 10 pL per embryo of lysis buffer
(10 mM Tris, pH 8.0, 10 mM NacCl, 10 mM ethylenediaminetetra-
acetic acid [EDTA], and 2% SDS) with proteinase K (0.17 mg/mL,
Roche Diagnostics) and inactivated for 10 min at 95°C. To
sequence and check for frequency of mutations, each target
genomic locus was PCR amplified with Phusion High-Fidelity
DNA polymerase (Thermo Fisher Scientific, F-530XL). Sanger
sequencing of the PCR products was performed by Eurofins.
Sequence analyses were performed with ApE software v2.0.53c,
and quantification of the mutation rate was done with the editR
1.0.10 online software.** The primer sequences used to amplify
the pipSklca and pip5klcb loci are listed in supplemental
information.

Alcian blue staining

The staining was performed by using an acid-free protocol.**
3 days post-fertilization (dpf), larvae were fixed in 100% ethanol
overnight at 4°C and rehydrated in 50% ethanol diluted in PBS
for 10 min at RT. Larvae were then transferred overnight at RT in
staining solution containing 0.02% Alcian blue solution (Sigma
Aldrich, A5268) and 40 mM MgCl, in 70% ethanol solution.
Larvae were washed once with H,O and bleached, without being
covered, with 3% H,O, (Sigma Aldrich, H1009) and 2% potassium
hydroxide (KOH, VWR, 26668.296) for 20 min at RT. Clearing was
achieved with sequential glycerol/KOH washes: (1) 20% glycerol/
0.25% KOH for 3 h, (2) 50% glycerol/0.25% KOH for 3 h, and then

in 50% glycerol/0.1% KOH, where the embryos were stored at 4°C
until imaging. Measurements of the cartilage elements were deter-
mined at 3 dpf from ventral views of Alcian blue-stained larvae by
using Image]J/FIJI v.1.0.

Imaging

A Leica MZ10F microscope was used to image the whole zebrafish
embryos.

Statistical analyses

All statistical analyses were performed in GraphPad Prism 7. When
comparing two samples, two-tailed Wilcoxon-Mann-Whitney
tests were used. ns = not significant, **p < 0.01, ***p < 0.001,
**++p < 0.0001. Details of statistical analysis and exact values of
numbers quantified in each experiment can be found in the figure
legends. The two-tailed non-parametric Wilcoxon-Mann-Whitney
t test was applied to determine significance of the base-editing ef-
ficiency and cartilage measures.

Results

De novo variants in PIP5K1C are associated with
intellectual disability, developmental delay,
microcephaly, epilepsy, and visual abnormalities

Nine unrelated affected individuals with de novo missense
variants in PIP5K1IC were identified. Six subjects are
male, and three are female. They range in age from 3 to
15 years old. I-1 has the c.436G>A (p.Glu146Lys) variant;
I-4, 1.5, I-6, I-7, 1I-8, and I-9 have the c.662A>G
(p-Tyr221Cys) variant (mosaic in I-5); and I-2 and I-3
have the c.614A>G (p.Tyr205Cys) variant (Figure 1).

While formal developmental assessments were not avail-
able for all individuals, all were described as having devel-
opmental delay ranging from moderate to profound. The
majority were not able to walk independently and were
non-verbal or only used a few words. I-5, whose PIP5K1C
variant was mosaic, was the least-severely affected. Full-
scale IQ was assessed at 52, 57, and 67 for I-2, I-3, and
I-5, respectively. IQ assessment was not available for the re-
maining individuals, although I-1, 1-4, I-6, I-7, I-8, and I-9’s
clinical profiles suggested severe intellectual disability. Hy-
potonia was noted in five of the nine individuals. Seven of
the nine have epilepsy (severe epilepsy initially manifested
as infantile spasms in I-4, I-7, and I-8). Seven individuals
had acquired microcephaly. Brain magnetic resonance im-
aging (MRI) reports did not reveal any consistent findings
between affected individuals. Consistent with this, com-
bined neuroradiology review of brain MRI images from
I-1, I-2, I-4, and I-5 revealed normal or inconsistent non-
specific findings.

Visual impairment and/or ophthalmologic abnormal-
ities were reported in eight affected individuals, including
optic nerve abnormalities in two of them. I-4 and I-5 were
reported to have had microphthalmia in infancy, but this
finding was not confirmed later in life. Common cranio-
facial features include hypertelorism; upper lip promi-
nence with or without midface prominence; microgna-
thia or a history of micrognathia; and large, arched
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P. troglodytes PAHHFQDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLOKLLPGEYMNLNONPRTLLPKFYGLECVQSGGKNIRVVVMNNILPRVVKMHLKFBLKGSTYKR
M. mulatta PAHHFQDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLQKLLPGEYMNLNONPRTLLPKFYGLECVQSGGKNIRVVVMNNILPRVVKMHLKFBLKGSTYKR
C. lupus PAHHFQDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLOKLLPGEYMNLNONPRTLLPKFYGLECVQOSGGKNIRVVVMNNI LPRVVKMHLKFBLKGSTYKR
B. taurus PAHHFQDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLQKLLPGEYMNLNOQNPRTLLPKFYGLEMCVQSGGKNIRVVVMNNMLPRVVKMHLKFBLKGSTYKR
M. musculus PAHHFQDFRFKTYAPVAFRYFR] LFGIRPDDYLYSLCNEPLIELSNPGASGSIFYVTSDDEFIIKTVMHKEAEFLQKLLPG [YMNLNONPRTLLPKFYGLECVQSGGKNIRVVVMNNMLPRVVKMHLKFBLKGSTYKR
R. norvegicus PAHHFQDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSMFYVTSDDEFIIKTVMHKEAEFLOKLLPGEYMNLNONPRTLLPKFYGLECVQSGGKNIRVVVMNNMLPRVVKMHLKFBLKGSTYKR
G. gallus PAHHEBDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLOKLLPGEYMNLNONPRTLLPKFYGLECVQSGGKNIRVVVMNNI LPRVVKMHLKFBLKGSTYKR
D. rerio PAHH¥EDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSEFYVTRDDEFIEKTVMHKEAEFLOKLLPGYYMNLNONPRTLLPKFFGLECVOSGGKN I REVVMNNELPRVERMHLKFDLKGSTYKR
X. tropicalis PAHHEEDFRFKTYAPVAFRYFRELFGIRPDDYLYSLCNEPLIELSNPGASGSLFYVTSDDEFIIKTVMHKEAEFLQKLLPGEYMNLNONPRTLLPKFYGLECVQSGGKNIRV MNNILPRVVRMHEKEDLKGSTYKR

Figure 1. Clinical and genetic features of PIP5K1C neurodevelopmental syndrome

(A) Photos of I-1, I- 2, I-4, I-5, 1-6, I-7, and I-8. Frequent facial features include prominent midface with protruding upper lip; broad nose
with wide alae; hypertelorism; wide arched eyebrows; and ears that are long, posteriorly rotated, and have thickened superior helices. I-4
also has bilateral ptosis.

(B) Top: schematic illustration of the human PIP5KIy protein showing the PIPK domain (blue) and the residues affected (Glu146, Tyr20S5,
Tyr221) in our cohort and described by Narkis et al. (Asp253).** Bottom: amino acid sequence alignment for various PIP5KIy vertebrate
orthologs in the region of interest. Orthologs include H. Sapiens (NP_036530.1), P troglodytes (XP_512274.3), M. mulatta
(XP_002801072.1), C. lupus (XP_542172.5), B. taurus (NP_001009967.2), M. musculus (NP_032870.2), R. norvegicus
(NP_001009967.2), G. gallus (XP_418191.4), D. rerio (XP_005171520.1 and XP_0051637202.1), and X. tropicalis (NP_001120474.1).
Gray residues vary from the human reference. Green residues are those affected by the variants described here (Glu146, Tyr205,

Tyr221), and the residue in light blue (Asp253) is the one described by Narkis et al.**

eyebrows. Concerns for abnormalities of the cranial su-
tures were raised in five of the nine individuals. I-2, 1-4,
and [-6 were noted to have prominent metopic ridges,
I-1 had bilateral coronal synostosis, and a computed to-
mography (CT) scan in I-8 excluded craniosynostosis.
Phenotype information of all affected individuals can be
found in Table 1 and in the supplemental note. Details
on PIP5KIC variants are reported in Table S1. Details on
additional rare variants that segregated with the disease
are reported in Table S2.

Protein structural analysis to assess pathogenicity of the
germline PIP5K1C missense variants

We performed structural modeling of the p.Glul46Lys,
p.Tyr205Cys, and p.Tyr221Cys variants, all of which are
in the N terminus of the PIPSKIy kinase domain
(Figure S1). The variant p.Glul46Lys changes the surface
charge from negative to positive (Figure S1) and likely af-
fects the physical binding between PIPSKIy and its interac-
tors. The residues altered in the other two variants,
p-Tyr205Cys and p.Tyr221Cys, form a cluster in the prox-

imity of the ATP-binding motif of the PIPSKIy kinase
domain (Figure S1). These variants might reduce the side-
chain volume of residues Tyr205 and Tyr221, enlarge the
cavity of the ATP-binding pocket, and facilitate the bind-
ing of ATP at the pocket followed by enhancement of ki-
nase activity.

Disease-associated PIP5K1C variants cause increased
P1(4,5)P2 levels
To investigate whether the catalytic activity of PIP5KIy is
modified by the variants found in our cohort, we carried
out detection and quantification of PI(4,5)P2 levels by
immunofluorescence staining with a specific anti-PI(4,5)
P2 antibody in I-2 and unrelated control fibroblasts. We
observed a general increase of PI(4,5)P2 levels in I-2 fibro-
blasts (1.6-fold increase) compared with unrelated controls
(Figure 2A), consistent with a gain-of-function effect of
this variant.

Moreover, we noticed a higher number of PI(4,5)P2-
positive intracellular spots in I-2-derived fibroblasts
compared with control cells. Prompted by this
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Table 1. Variants in PIP5K1C cause a neurodevelopmental disorder, featuring intellectual disability, microcephaly, epilepsy, visual impairment, and/or ophthalmologic abnormalities
I-1 1-2 -3 1-4 I-5 1-6 -7 1-8 1-9 Total
cDNA c.436G>A c.614A>G c.614A>G C.662A>G C.662A>G" €.662A>G C.662A>G €.662A>G C.662A>G -
(GenBank:
NM_012398.3)
Protein p-Glul46Lys p.Tyr205Cys p-Tyr205Cys p-Tyr221Cys p.-Tyr221Cys p-Tyr221Cys p.Tyr221Cys p-Tyr221Cys p-Tyr221Cys -
(GenBank:
NP_036530.1)
Age at last 3 years 6 years 10 years 7 years 7 years 7 years 3 years 4 years 15 years -
evaluation
Motor delay yes (walked yes (walked yes yes (non- yes (walked yes yes (non-ambulatory) yes yes (non- 9/9
at 5 years) at 30 months) ambulatory) at 2 years) (non-ambulatory) ambulatory)
Speech delay yes (nonverbal) yes yes (nonverbal) yes (nonverbal)  yes yes yes (nonverbal) yes (nonverbal) yes (nonverbal) 9/9
(nonverbal)
Intellectual yes yes yes yes yes yes yes yes yes 9/9
disability
Seizures no yes yes yes (DEE) no yes yes (DEE) yes (DEE) yes 7/9
Visual mild optic -pale optic mild myopia -CVI -probable -mild CVI -strabismus no strabismus 8/9
impairment atrophy nerves strabismus CVI -strabismus -astigmatism
and/or -strabismus -nystagmus -mild
ophthalmologic -myopia -myopia hyperopia
abnormalities -astigmatism
Hypotonia yes no yes yes no no yes yes no 5/9
Brain MRI -abnormal -abnormal white -abnormal white -abnormal white ND ND -abnormal lateral -abnormal lateral -abnormal white -
abnormalities lateral matter signal matter signal matter signal (T2 ventricles ventricles matter (decreased
ventricles (delayed (hypomyelination) prolongation) (microcysts in (contour, septum  volume in parietal
(contour) myelination) -possible focal bilateral pellucidum cyst)  lobes)
-abnormal -focal dysgyria dysgyria frontal horns) -focal dysgyria -possible focal
white matter -agenesis of -cerebral atrophy -velum dysgria
signal anterior interpositium -hypoplastic
-Chiari falx cerebri cyst anterior
malformation -increased CSF temporal lobes
type 1 (s/p spaces at the -J-shaped sella
repair) temporal poles
-flattening of
corpus callosum
Head 26 months, birth, —1.90 birth, —1.58 6 months, +0.84 5 weeks, birth, —1.27 birth, —0.93 birth, +0.31 32 months, —4.05 acquired
circumference  —2.21 8.5 years —3.64 10 years, —2.47 7.8 years, +0.3 -1.72 4.6 years, —3.95 3 years, —2.13 4.25 years, —5.03 15 years, —0.95 microcephaly:
(SD) 3.75 years, 7 years, 7/9
-2.5 -1.50
Height (SD) birth, +0.70 birth, +0.20 birth, +0.62 birth, +0.6 5 weeks, —0.31 birth, —1.26 birth, —0.94 birth, —0.44 4.25 birth, —0.62 -
3.75 years, 8.5 years, —1.50 10 years, —2.93 7.8 years, —1.56 7 years, 4.6 years, 3 years, —0.68 years, —0.11 15 years, —1.23
-1.77 -0.12 -1.73

(Continued on next page)
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Table 1.

Total

1-9

1-8

1-7

1-6

I-5

1-4

1-3

1-2

1-1

6/9

-narrow fingers

-distal

-scoliosis

no

-prominent

no

-prominent

mildly tapered  no

fingers

-coronal

Skeletal

-small feet

metopic ridge
-talipes

metopic ridge

synostosis
-mildly
tapered
fingers

abnormalities

camptodactyly

-5'" finger
clinodactyly

-pes planus

-mildly tapered

fingers

equinovarus
-prominent

xyphoid process
-short arms
and hands

-coxa valga

-5 finger
clinodactyly

-bent 3™ toes

9/9

yes

yes

yes yes yes

yes

yes yes

yes

Prominent

maxilla/upper

lip

6/9

yes

no

yes yes no

yes

yes yes

no

Micrognathia

no 6/9

yes

no yes no

yes

yes yes

yes

Long ears

DEE, developmental and epileptic encephalopathy; SD, standard deviation; CVI, cerebral visual impairment; ND, not defined.

@mosaic variant

observation and in light of the known localization of
PIP5KIy to endosomes, '* we co-stained cells with endoso-
mal markers and found that PI(4,5)P2 is enriched in the
EEA1-positive compartment (Figure 2B). We measured a
2.4-fold increase of PI(4,5)P2 levels specifically at the
EEs marked by EEA1 (Figure 2B). We also measured the
levels of the intracellular pool of PI4P, the substrate of
the PIPSKIy kinase, and did not observe any change in
terms of amount and/or distribution between I-2 and con-
trol cells (Figure S2).

To evaluate the impact of all the identified PIPSKIy pro-
tein variants on PI(4,5)P2 levels, we transfected constructs
encoding the p.Glu146Lys, p.Tyr221Cys, and p.Tyr205Cys
variants and the wild-type (WT) PIP5KIy kinase into con-
trol fibroblasts and HeLa cells. As negative controls, we ex-
pressed the p.Asp253Asn loss-of-function mutant,** which
causes LCCS3 in the homozygous state.

We first compared the protein levels of the mutants
and WT PIP5KIy kinase, and we measured the half-life
of the different proteins. Immunoblot analysis on HeLa
cell lysates expressing the FLAG-tagged mutant and WT
proteins did not show any major effect on protein
amounts, except for the p.Tyr205Cys mutant, which
was expressed with lower efficiency (Figure S3A). In addi-
tion, the cycloheximide (CHX) chase analysis revealed
that the p.Tyr205Cys, p.Tyr221Cys, and p.Glul46Lys
variants show a comparable half-life (around 6 h)
compared with WT PIPSKIy (Figures S3B and S3B’).
Conversely, a slower decay in p.Asp253Asn mutant
amount was observed, compatible with increased stabil-
ity of the loss-of-function mutant (Figures S3 and S3B’).
These biochemical assays thus suggest that the de novo
PIPSKIy variants we identified did not impact either pro-
tein levels or stability.

We performed immunofluorescence experiments to mea-
sure the PI(4,5)P2 levels. The staining demonstrated that
PI(4,5)P2 levels increased in PIPSKIy p.Glul46Lys-,
p-Tyr205Cys-, and p.Tyr221Cys-transfected cells compared
with untransfected control fibroblasts (Figure S4A). The
increased PI(4,5)P2 levels observed in p.Tyr205Cys-overex-
pressing cells confirmed the results obtained by quantifica-
tion of the PI(4,5)P2 levels in I-2 fibroblasts. The overex-
pression of the WT PIP5KIy resulted in increased PI(4,5)
P2 levels (Figure S4A), as shown previously.'! Conversely, fi-
broblasts overexpressing either the p.Asp253Asn variant or
the empty vector showed PI(4,5)P2 amounts comparable
with untransfected cells (Figure S4A). To further confirm
these data, we used Hela cells. When the PIP5SKIC WT
and mutants were expressed in similar amounts, we
measured an increase in the PI(4,5)P2 levels in
p-Glul46Lys-, p.Tyr205Cys-, and p.Tyr221Cys-transfected
cells compared with the WT PIPSKIy (Figure S4B). The over-
expression of the WT PIPSKIy resulted in increased PI(4,5)
P2 levels compared with untransfected cells, as expected
(Figure S4B). Conversely, cells overexpressing p.Asp253Asn
showed PI(4,5)P2 levels completely overlapping to those of
untransfected cells (Figure S4B). Altogether, these findings
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support the hypothesis that p.Glul46Lys, p.Tyr205Cys,
and p.Tyr221Cys variants are more efficient in producing
PI(4,5)P2.

Increased levels of PI(4,5)P2 cause F-actin
polymerization defects

Actin dynamics are under the control of PI(4,5)P2,*>*® and
PIP5SK overexpression alters both actin dynamics*”** and
cell migration.”” Thus, we asked whether increased
PI(4,5)P2 levels associated with the PIP5K1C variants influ-
ence the actin cytoskeleton in the affected individuals. We
observed an increased number of F-actin foci accumulated
on internal membranes in I-2 fibroblasts compared with
control cells (Figure 3). We further investigated the nature
of the membranes and found that the actin foci co-local-
ized with EEAl-positive compartments (Figure 3). At
steady state, 80% of EEA1-positive endosomes in I-2 fibro-
blasts were associated with actin (Figure 3). Conversely, the
percentage of EEs positive for F-actin in control cells (Ctrl1
and Ctrl2) was around 20%, 4-fold less than in I-2 cells
(Figure 3).

We next asked whether fibroblasts overexpressing the
other PIP5K1C variants also showed ectopic recruitment of
F-actin on EEs, given the association with increased PI(4,5)
P2 levels (Figure S5). Ectopic expression in WT fibroblasts
of constructs expressing the variants and controls demon-

4,5)P2 level on endosomes

Figure 2. Mutant PIPSKIY results in up-

regulation of PI(4,5)P2 levels and affects

the Pl composition of EEs

(A) Left: immunodetection of PI(4,5)P2

with an anti-PI(4,5)P2 antibody in control
ns (Ctrl 1) and I-2 fibroblasts fixed and co-

A4001 — stained with an anti-LAMP1 antibody.
S 300 A Right: quantification of PI(4,5)P2 levels
200 & (the ratio of PI(4,5)P2 and LAMP1 fluores-
150 “ﬂ cence intensity) in I-2 fibroblasts and 2 un-

related controls (Ctrl 1 and 2), expressed as
% of Ctrl 1. Means + SEM, three indepen-
dent experiments, n > 50 cells per experi-
ment; Student’s t test. ****p < 0.0001.

(B) Left: Airyscan confocal analysis of
endogenous PI(4,5)P2 and EEA1 colocali-
zation in I-2 fibroblasts and control (Ctrl
1). Green, PI(4,5)P2; red, EEA1l. Insets
show magnifications of selected areas.
Scale bar, 10 um. Right: quantification of
PI(4,5)P2/EEA1 colocalization, expressed
as % of Ctrl 1 (mean = SD) in I-2 fibro-
blasts and controls. Three independent ex-
periments, n > 50 cells per experiment;

50

PI(4,5)P2 level (% of
S
o

0
Ctrl1 Ctrl2 1-2

350 i Student’s t test. ****p < 0.0001; ns, not
500 significant.
250 e
3 200 %
G 150 N
° o, gk
< 100 g = . .
50 i strated that foci of F-actin accumulated
T o on EE membranes in p.Glul46Lys-,
o Ctrl 1Ctrl 2 I-2

p-Tyr205Cys-, p.Tyr221Cys-, and WT-

transfected cells (Figure S5). As ex-

pected, fibroblasts overexpressing

the p.Tyr205Cys PIPSKIy kinase

confirmed the abnormal recruitment
of actin on EEs observed in I-2 fibroblasts. Conversely, fibro-
blasts overexpressing p.Asp253Asn or the empty vector did
not show the endosomal-actin phenotype (Figure S5).

F-actin recruitment on EEs causes defects in endosomal
trafficking

F-actin controls different steps of membrane trafficking
ranging from internalization of receptors and their bound
ligands to cargo sorting toward their final destinations
and/or recycling back to the plasma membrane.’"”!
Because endosomes are central collecting stations in cells
where different trafficking pathways converge, we asked
whether the enhanced PI(4,5)P2 on EEs caused by the
PIP5SKIC variants may cause dysfunctional endosomal
trafficking.

We analyzed the trafficking of Tf, a cargo widely used to
study endosomal dynamics.>” Tf is a protein that binds
iron and promotes iron uptake by cells. Iron-loaded Tf
binds the Tf receptor on the plasma membrane and is
then internalized into the cell through endocytosis medi-
ated by clathrin. After internalization, Tf is transported to
EEs, delivers iron, and, with its receptor, is directed back
to the cell surface by recycling endosomes.>” This process
occurs in the order of seconds to minutes. We administered
Tf exogenously as a recombinant fluorescently conjugated
ligand to fibroblasts from I-2 and control individuals and
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incubated the cells at 4°C to allow binding to its receptor
without allowing its internalization. Under these condi-
tions, the Tf fluorescence was observed as a diffuse staining
of the plasma membrane (Figure 4A), but Tf binding to the
plasma membrane was reduced significantly in the I-2 fi-
broblasts compared with control individuals (Figure 4A).
Because surface-bound Tf depends on the efficiency of
the trafficking and recycling of its receptor by endo-
somes,”” this result suggested that there might be a defect
in Tf-receptor recycling/exposure. We then measured the
ratio of internalized Tf on the bound fraction of Tf and
observed that the rate of its internalization is comparable
between I-2 and control cells (Figure 4A), suggesting that
the internalization process is not affected in I-2 fibroblasts.
Prompted by the observation that the Tf-receptor recycling
step may be affected, we specifically analyzed the recycling
processes. To this end, we loaded both control and I-2 fi-
broblasts with fluorescently labeled Tf continuously for
1 h at 37°C to allow ligand entry. We then removed Tf
and observed its trafficking over time. I-2 cells showed
slower recycling rates of the internalized Tf (Figure 4B)
compared with control cells, suggesting that the reduced
surface-bound Tf levels were due to impaired re-exposure
of the Tf receptor on the cell surface.

Thus, a combination of both quantitative and qualita-
tive analysis of Tf trafficking demonstrates that the mutant
PIP5KIy is associated with altered endosomal function.

Zebrafish mutant models resemble the human disease

To investigate in vivo the causal link between the neurolog-
ical, ocular, and craniofacial defects observed in affected
individuals and the variants found in PIPSKIC, we
overexpressed the three human variants p.Glul46Lys,
p.Tyr205Cys, and p.Tyr221Cys, as well as the WT and
p-Asp253Asn forms and GFP as control, by injecting mRNA

EEA1/Phalloidin positive structures

Figure 3. Mutant PIP5KIY promotes
ectopic recruitment of F-actin at EEs
Left: Airyscan confocal analysis of control
and I-2 fibroblasts stained with Alexa-
Fluor-phalloidin to visualize F-actin and
with anti-EEA1 antibody to visualize EE
compartments. Insets show enlargements
_ns_ of the boxed areas. White arrows indicate

100~ = structures positive to phalloidin and EEA1
“ staining. Red, phalloidin; green, EEA1. Scale

80+ % bar, 10 pm. Right: quantification of amounts

s 601 of F-actin associated with endosomes is ex-
2 pressed as % of endosomes positive for
cg 404 . F-actin = SD Three independent experi-
T s ments, n > 50 cells per experiment; Stu-
20'% . dent’s t test. ****p < 0.0001; ns, not

| = significant.

L
Ctrl1 Ctrl2 -2

into zebrafish embryos at the one-cell

stage. Initially, we injected different

concentrations of these mRNA variants

and the control GFP mRNA (50 ng/uL,

25ng/uL, 20 ng/uL, and 10 ng/uL) and
chose a concentration of 20 ng/uL, which showed a mortal-
ity rate between 27% and 57.5% (Figure S6), for further anal-
ysis. We then classified the injected embryos at 2 dpf in three
different groups based on the severity of the observed
morphological defects (Figure 5A). The first group, composed
of morphologically “WT-like” embryos, did not display any
aberrant phenotypes. The second group showed ocular ab-
normalities such as the development of one eye only or a
small eye and/or microcephaly. Finally, the third group of
embryos showed no eye development and extreme micro-
cephaly (Figure 5A). Quantification of the morphological ab-
normalities revealed that overexpression of the WT
PIPSK1C, PIPSK1C-p.Asp253Asn, and control (injected
with GFP mRNA) resulted in less than 4%, 6%, and 5%,
respectively, of the surviving embryos having an aberrant
phenotype (Figure 5A’). Overexpression of the PIPSK1C-
p-Glul46Lys variant resulted in 46% of the injected embryos
having ocular abnormalities and/or microcephaly, and 3.4%
showed no eyes and microcephaly (Figure 5A"). Overexpres-
sion of the PIP5SK1C-p.Tyr205Cys variant caused ocular ab-
normalities and/or microcephaly in 32.7% of surviving em-
bryos at 2 dpf and no eyes and microcephaly in 6.7%
(Figure 5A"). Finally, with the overexpression of PIP5K1C-
p.Tyr221Cys, 32% of the surviving embryos exhibited ocular
abnormalities and/or microcephaly and 14% no eyes with
microcephaly (Figure 5A”). Altogether, these results suggest
that the human PIP5K1C variants are functionally relevant
and that the neurodevelopmental defects observed in the
affected individuals are caused by the variants identified in
PIP5KIC.

To extend the analysis of the observed aberrant pheno-
types and to assess whether these larvae show head struc-
ture defects similar to individuals from our cohort, we per-
formed Alcian blue staining, which allowed visualization
of head cartilage structures of the injected larvae at 3 dpf
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(Figure 5B). In all cases, the WT-like larvae and the larvae
showing ocular abnormalities and/or microcephaly
showed head cartilage structures, while the larvae from
the third group with no eye development and severe
microcephaly did not show any cartilage structures
(Figure 5B). To quantify this phenotype, we measured the
distance between Meckel’s and ceratohyal cartilages
along the antero-posterior axis of injected larvae. Overall,
we observed that the distance between Meckel’s and
ceratohyal cartilages was smaller in the larvae injected
with PIPSK1C-p.Glul46Lys-, PIPSK1C-p.Tyr205Cys-, and
PIP5K1C-p.Tyr221Cys-encoding mRNAs showing an aber-
rant phenotype compared with the larvae injected with
control PIPSK1C-WT mRNA (Figure 5B/, measure 1). We
also measured the angle at the ceratohyal cartilage inter-
section, but no difference was observed between the vari-
ants and the WT control larvae (Figure 5B’, measure 2).
These results highlight a reduction of the injected larvae
heads and suggest a possible causative role of the human
PIP5KIC variants in the aberrant head phenotype of the
zebrafish mutant larvae.

120+ 5 120+
c

Tf recycling (% of Ctrl)
D
<

Figure 4. Mutant PIP5KIY impairs Tf re-
cycling
(A) Control (Ctrl) and I-2 fibroblasts were
exposed to Alexa-Fluor-488-Tf for 1 h at
4°C and then warmed to 37°C in complete
medium for 5 min. Left: representative
confocal image of Tf bound to the plasma
membrane in I-2 and control fibroblasts
(1h at 4°C). Right: the first graph shows
the quantification of cell-associated
A488-Tf (1 h at 4°C) expressed as percent-
ages of bound Tf at the plasma membrane
in the control. The second graph shows
the quantification of the fraction of inter-
nalized/bound Tf expressed as percentages
of the control. Data are mean values + SD
(n > 50 cells per experiment; three inde-
pendent experiments); **p < 0.01.
(B) Control (Ctrl) and I-2 fibroblasts were
loaded with Alexa-Fluor-488-Tf for 1 h at
37°C (LOAD) and chased in complete me-
ns dium for 5, 15, and 30 min (CHASE). Left:
ns representative confocal images of I-2 and
control fibroblasts loaded for 1 h and
chased for 15 min with Alexa-Fluor-488-
Tf. Right: fluorescence intensities detected
in the cells after 5, 15, and 30 min of chase
were quantified and expressed as percent-
ages of the loaded Tf in the control
(0 min). Data are mean values =+ Sd
(n > 50 cells per experiment; three inde-
pendent experiments). ***p < 0.001; ns,
not significant. Scale bar, 10 pm.
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To validate the causality link be-
tween human PIP5K1C variants and
the aberrant mutant phenotypes, we
developed a disease model by geneti-
cally introducing the corresponding
human variants in the zebrafish
genome to produce equivalent

endogenous modifications in the zebrafish protein. The ze-
brafish genome has two pip5klc genes, namely pip5Sklca
and pipSkIch. PipSklca has 85% similarity and 71% iden-
tity with the human PIPSk1ly, while pipSklcb has 75%
similarity and 62% identity with the human counterpart.
We performed in situ hybridization on the zebrafish larvae
to assess whether the two zebrafish genes pipSklca and
pip5k1chb show differential tissue expression. The in situ hy-
bridization showed similar expression patterns, with both
genes being broadly expressed in the head at 1 dpf and 2
dpf (Figure S7). To introduce the variants in the zebrafish
genome, we used the CRIPSR-Cas9-based CBE system,
which precisely generates C:G to T:A conversions thanks
to the modified Cas9 nickase fused to the apolipoprotein
B mRNA-editing enzyme catalytic subunit 1 (APOBEC1),
a member of the cytidine deaminase enzyme family
(Figure 5C), as described.**>* Of the three human variants,
only the p.Glul46Lys variant could be introduced into ze-
brafish through the C:T conversion (Figure S8). We tar-
geted pipSklca to introduce the p.Glyl46Lys variant,
which corresponds to the amino acid position Glul51 in
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Figure 5. Disease-associated PIP5K1C variants in zebrafish induce developmental defects consistent with the human disease

(A) Phenotypes obtained in embryos at 2 and 3 dpf after injection of mRNAs encoding GFP (control), PIPSK1C-WT, PIPSK1C-
p-Asp253Asn, PIPSK1C-p.Glu146Lys, PIP5K1C-p.Tyr205Cys, and PIPSK1C-p.Tyr221Cys mRNAs at 20 ng/pL in one-cell-stage embryos.
Aberrant embryos present a spectrum of ocular abnormalities or no eyes and microcephaly. Scale bar, 50 um.

(A’) Quantification of embryos showing the different phenotypes among the surviving embryos injected with mRNAs encoding GFP
(control), PIP5K1C-WT, PIP5K1C-p.Asp253Asn, PIPSK1C-p.Glu146Lys, PIPSK1C-p.Tyr205Cys, and PIPSK1C-p.Tyr221Cys mRNAs. Total
number of injected embryos per column is 222, 235, 206, 401, 157, and 173, respectively.

(B) Alcian blue staining of 3-dpf larvae injected with mRNAs encoding GFP (control), PIPSK1C-WT, PIPSK1C-p.Tyr205Cys, PIPSK1C-
p.Tyr221Cys, and PIPSK1C-p.Glul46Lys mRNAs at 20 ng/uL showing aberrant head structures and WT phenotype. Scale bar, 150 um.
(B) Quantification of the distance between Meckel’s and ceratohyal cartilages (measure 1) and the ceratohyal angle (measure 2). X axis:
(1) PIPSK1C-WT, WT-like embryos (n = 11); (2) PIPSK1C-p.Glul46Lys, WT-like embryos (n = 72); (3) PIPSK1C-p.Glul46Lys, embryos
with abnormalities (n = 50); (4) PIP5K1C-p.Tyr205Cys, WT-like embryos (n = 15); (5) PIPSK1C-p.Tyr205Cys, embryos with abnormal-
ities (n = 47); (6) PIP5SK1C-p.Tyr221Cys, WT-like embryos (n = 13); (7) PIPSK1C-p.Tyr221Cys, embryos with abnormalities (n = 20).
Wilcoxon-Mann-Whitney test: ***p < 0.001, ****p < 0.0001; n.s., not significant.

(C) Left: schematic representation of the cytidine base editor technology. Middle: phenotypes obtained in the embryos mutated in
pipSkIca for the insertion of the p.Glu151Lys variant. Scale bar, 50 um. Right: quantification of the embryos showing ocular abnormal-
ities and microcephaly in control embryos (injected with CBE4max-SpRYmRNA, n = 186) and in the embryos injected for the insertion
of the p.Glul51Lys variant (injected with CBE4max-SpRYmRNA +pip5kica sgRNA2, n = 215).
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zebrafish. Upon injection of the modified Cas9 mRNA with
the selected pipSklca sgRNA (see Figure S8), we obtained
30% of the injected embryos showing microphthalmia
and/or microcephaly, the same phenotype obtained with
the human mutated PIP5KIC mRNA overexpression
(Figure 5C).

Discussion

PIs are important regulators of the membrane composition
of different organelles and are produced through local ac-
tivity of PI kinases and phosphates. They interact with a
wide range of cytosolic proteins and play a key role in
many cellular processes.”

A broad spectrum of inherited neurodevelopmental and
neurodegenerative diseases are caused by mutations in PI-
metabolizing enzymes. Examples include Lowe syndrome,
Joubert syndrome, and MDCCAID, all resulting from mu-
tations in PI(4,5)P2 phosphatase enzymes. In addition,
mutations in genes encoding phosphatidylinositol
3-kinase (PIK3CA),>> phosphoinositide-3-kinase regulato-
ry subunit 2 (PIK3R2),°® phosphatidylinositol 4-kinase
(PIK4CA), and phosphoinositide 5-phosphatase (FIG4)>’
result in brain malformations such as polymicrogyria.>®
Mutations in phosphatidylinositol 3,4,5 trisphosphate
3-phosphatase (PTEN; MIM: 601728) are associated with
macrocephaly, autism, poorly developed white matter,
and reduced cognitive abilities.”® These observations
demonstrate the function of PIs in brain development.

Here, we describe a neurodevelopmental disorder associ-
ated with PI signaling dysfunction. We identified de novo
heterozygous missense variants in PIP5KIC in nine unre-
lated children exhibiting intellectual disability, develop-
mental delay, microcephaly, seizures, visual and ocular ab-
normalities, and dysmorphic features (see Table 1 and
supplemental note for further details). The variants,
located in the catalytic domain of the PIPSKIy protein ki-
nase, result in gain of function causing increased produc-
tion of PI1(4,5)2 in the affected individuals from our cohort.
Prior to this report, in 2007, Narkis and colleagues
described a form of LCCS3 characterized by congenital
non-progressive contractures, akinesia and malformation
of the limbs and joints, and degeneration of motoneurons,
associated with a homozygous loss-of-function variant in
PIP5K1C found in affected individuals from two unrelated
consanguineous Israeli Bedouin families.”” The homozy-
gous variant caused substitution of aspartic acid by aspara-
gine at amino acid 253 and in this case abrogated the ki-
nase activity of PIPSKIy, thus leading to decreased
synthesis of PI(4,5)P2.%* This reduction was postulated to
cause defective synaptic vesicular trafficking and neuronal
dysfunction.®* Using biochemical assays, we showed that
the de novo gain-of-function PIP5KIy variants we identified
did not impact either protein levels or stability.
Conversely, an increased stability of the loss-of-function
variant associated with LCCS3 was observed. Although

gain-of-function variants are most commonly associated
with protein-stabilizing effects, loss-of-function patho-
genic missense variants enhancing the stability of the cor-
responding protein have been recently predicted by
computational approaches,”® even if with a much lower
tendency, to be stabilizing with respect to gain-of-function
or dominant-negative variants.>’

Here, we provide evidence that specific de novo missense
variants of PIP5SK1C are associated with a disorder resulting
in an increase in the endosomal PI(4,5)P2 pool, which
causes ectopic recruitment of F-actin at EEs that in turn is
detrimental for EE trafficking. The PIPSKIy enzyme can
be targeted to distinct cellular compartments.'*'* It was
found to localize to the plasma membrane, focal adhe-
sions, and adherent junctions;'"'* to early, late, and recy-
cling endosomes; and to lysosomes and in the nucleus.'**
We cannot exclude that PIPSKIC variants influence the
subcellular distribution of the PIPSKIy enzyme and the
physical binding between PIPSKIy and its interactors.
These changes could also induce enrichment of the
PI(4,5)P2 pool on other subcellular compartments in addi-
tion to the EEs and thus be associated with the altered lyso-
somal dynamics and function or with aberrant focal adhe-
sion plaque formation. Consequently, it cannot be
excluded that increased PI(4,5)P2 production at other sub-
cellular compartments®” could contribute to the pheno-
type we observed. However, our findings are in line with
previous observation of cellular models of Lowe syndrome,
characterized by increased PI(4,5)P2 levels caused by muta-
tions occurring in the 5-phosphatase OCRL.*"°*%? Vici-
nanza and colleagues demonstrated that loss of the
5-phosphatase activity of OCRL results in an accumulation
of PI(4,5)P2 at EE membranes, which leads to increased as-
sociation of F-actin at EEs, affecting EE function in cellular
models of Lowe syndrome.*' These findings are consistent
with the observation that actin dynamics are under the
strict control of PI(4,5)P2, as reported by several groups
over the years.*>*>% The first link was established thanks
to the observation that overexpression of PIPSK altered
actin dynamics, leading to the dissolution of stress fibers,**
the formation of motile actin comets,*” cell rounding,48
and increased cell migration®” as a result of the local in-
crease in the levels of PI(4,5)P2 at the plasma membrane.
The role for PI(4,5)P2 in regulating the actin cytoskeleton
was then confirmed when a large number of PI(4,5)P2-in-
teracting proteins controlling actin cytoskeleton were
identified.*>>°° Subsequently, the functional link be-
tween PIP5K and the actin cytoskeleton has been studied
extensively.

Because OCRL depletion has been shown to result in en-
dosomal dysfunction induced by PI(4,5)P2-mediated
recruitment of F-actin at EEs,®>' we asked whether the
increased PI(4,5)P2 on EEs associated with PIP5K1C vari-
ants may cause similar dysfunction in endosomal
trafficking.

Indeed, we demonstrated, through analysis of Tf-traf-
ficking routes in I-2 fibroblasts, that the p.Tyr205Cys
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PIPSKIy variant impairs endosomal recycling. While some
receptors and ligands are endocytosed and trafficked to the
lysosomes, Tf is transported back to the plasma membrane
through the recycling pathway. Proper homeostasis of
membrane proteins, including receptors, adhesion an-
chors, and enzymes of the plasma membrane, is essential
for proper brain development. Moreover, regular traf-
ficking of membrane proteins is required for synaptic plas-
ticity in neurons.®” Thus, impairment in endosomal recy-
cling is likely to influence synaptic communications and
brain developmental processes and to cause neurological
and neurodevelopmental disorders in humans. Our find-
ings are in line with several studies demonstrating a key
role of PIs in brain function and development. PI(4,5)P2
levels control both exocytosis and endocytosis at synaptic
vesicle membranes.®® Furthermore, PIP5KIy kinase is a ma-
jor regulator in maintaining appropriate levels of the
neuronal synaptic pool of PI1(4,5)P2 and is essential for syn-
aptic transmission and synaptic-vesicle trafficking.””*' Di
Paolo and colleagues showed that Pip5Sk1c~/~ mice exhibit
major neurological and/or behavioral defects associated
with early postnatal lethality resulting from impaired syn-
aptic vesicle trafficking.”’ Wang et al. showed that mice
lacking PIP5K1y had pleiotropic developmental defects
and embryonic lethality due to failure in proper cardiac
chamber septation and neural tube closure defects.®”

We established a gain-of-function model in zebrafish
(Danio rerio) for the developmental disorder we describe.
By injecting human mutant PIP5K1C mRNA displaying
the three different variants, we observed a high mortality
rate, suggesting that the aberrant proteins have toxic ef-
fects, which may explain the rarity of individuals with var-
iants in PIP5SK1C. We also genetically introduced one of the
three human variants into the zebrafish genome by the
CRIPSR-Cas9-based CBE system. The zebrafish genome
has two pip5kic genes, pipSkica and pip5kich, with similar
expression (Figure S7). We chose to target only pip5Sklca
due to the higher similarity with the human PIPSKIy. As
the three PIP5KIC variants act as gain-of-function muta-
tions, we reasoned that altering only one of the two genes
would be sufficient to analyze the effect of the variants, as
it would result in a dominant and constitutively active
form of the protein. The zebrafish models we generated
showed microcephaly, ocular abnormalities, and altered
head cartilage structure. The zebrafish larvae phenotypes
recapitulating the phenotypes of the affected individuals
demonstrate the pathogenic effect of the three de novo
missense variants. Our in vivo models confirm the pivotal
role of PIP5K1C in the development of neuronal structures,
as also shown with the PipSk1c~/~ mice.”"*” However, the
mechanistic link bridging these PIP5K1C gain-of-function
variants reported here and the clinical manifestation of
this neurodevelopmental disorder remain to be deter-
mined and need to be explored in neuronal tissue.

The craniofacial abnormalities seen in the affected indi-
viduals and zebrafish models we describe point to a role of
PIP5K1C in craniofacial patterning. The underlying mech-

anism is unknown, although PI(4,5)P2 has been shown to
interact with the histone lysine demethylase PHFS,”" a
transcription activator known to be involved in the regula-
tion of craniofacial and brain development in zebrafish.”!
In addition, loss of function in PHF8 causes a syndromic
form of X-linked intellectual disability with dysmorphic
facial features.”? Furthermore, PI(4,5)P2 is a key substrate
for phospholipase C-y (PLCG1) and phosphatidylinositol
3 kinases, which mediate downstream signaling activation
of multiple receptors including the fibroblast growth factor
receptor 1 (FGF1R),”* which plays a major role in craniofa-
cial development.”*

The phenotypes we see in the affected individuals with
gain-of-function variants in PIP5K1C are similar to those
seen with loss-of-function variants in INPP5K, which codes
for the inositol polyphosphate-5-phosphatase K. Like the
PIP5SKIC gain-of-function variants, INPP5K loss-of-func-
tion variants also cause increased PI(4,5)P2 levels. Upon
growth factor or insulin stimulation, INPP5SK protein trans-
locates from the endoplasmic reticulum to the plasma
membrane where it interacts with sub-membranous actin
and membrane ruffles.”® Mutations that impair phospha-
tase activity or alter INPP5K subcellular localization can
lead to congenital muscular dystrophy, early onset cata-
racts, mild-to-moderate intellectual disability, micro-
cephaly, epilepsy, and short stature.”>’® INPPSK loss of
function in the zebrafish results in shortened body axis,
microphthalmia, microcephaly, reduced touch-evoked
motility, and highly disorganized myofibers.”® Increased
PI(4,5)P2 levels could underlie the motor delays and hypo-
tonia seen in our cohort. An intriguing hypothesis that re-
mains to be proven is that PI(4,5)P2 phosphatases may
serve to counterbalance PIP5K1C function.

From a clinical point of view, PIP5Ks represent attractive
therapeutic targets. Reduction in PI(4,5)P2 production, by
reducing PIP5Ka levels, also attenuates the disruption of
endocytic trafficking due to OCRL loss, suggesting that
PIPSKa may be a promising target for pharmacological
treatment of Lowe syndrome.*' In addition, PIPK-specific
inhibitors,” including a small-molecule inhibitor of PIP5-
KIy,”” may be therapeutic tools for persons with disorders
associated with increased PI1(4,5)P2 levels.
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