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Abstract

Neurodevelopmental disorder with microcephaly, hypotonia and variable brain anomalies (NMIHBA) is an autosomal
recessive neurodevelopmental and neurodegenerative disorder characterized by global developmental delay and severe
intellectual disability. Microcephaly, progressive cortical atrophy, cerebellar hypoplasia and delayed myelination are
neurological hallmarks in affected individuals. NMIHBA is caused by biallelic variants in PRUNE1 encoding prune
exopolyphosphatase 1. We provide in-depth clinical description of two affected siblings harboring compound heterozygous
variant alleles, c.383G > A (p.Arg128Gln), ¢.520G > T (p.Gly174*) in PRUNE1. To gain insights into disease biology, we
biochemically characterized missense variants within the conserved N-terminal aspartic acid-histidine-histidine (DHH)
motif and provide evidence that they result in the destabilization of protein structure and/or loss of exopolyphosphatase
activity. Genetic ablation of Prunel results in midgestational lethality in mice, associated with perturbations to embryonic
growth and vascular development. Our findings suggest that NMIHBA results from hypomorphic variant alleles in humans
and underscore the potential key role of PRUNE1 exopolyphoshatase activity in neurodevelopment.
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Introduction

Prune exopolyphosphatase 1 (PRUNE1) belongs to the DHH
(Asp-His-His) superfamily of proteins, which includes phos-
phoesterases, exopolyphosphatases and pyrophosphatases
(1-3). Members of this superfamily are characterized by the
DHH motif within the N-terminal domain that contains highly
conserved charged residues required for binding metal cofactors
and enzymatic function (4). PRUNEL1 is ubiquitously expressed
across multiple tissues with widespread central nervous system
expression during fetal development in humans (5). Previous
studies have implicated PRUNE1 in a complex network of
interactions regulating cell cycle and motility, with elevated
PRUNE1 expression associated with cancer metastasis (6-8).

Karaca et al. reported five individuals from four unrelated
families segregating biallelic predicted pathogenic variants in
PRUNE1 with a novel neurodevelopmental disorder character-
ized by microcephaly, hypotonia and variable brain anomalies
(NMIHBA, MIM #617481) (9). The authors reported two different
homozygous missense variants (p.D30N and p.D106N) in three
consanguineous families and compound heterozygous (p.R128Q;
p.G174*) variants in a non-consanguineous European ances-
try family. Several groups have since identified other disease
associated recessive alleles (p.P54T, p.R297W; c.521-2A > G: IVS4-
2A > G) clustering throughout the conserved N-terminal domain
(8,10,11). The observed incidence of NMIHBA in geographically
distant families establishes this disorder as a pan-ethnic neu-
rodevelopmental disorder. In addition to its nondescript devel-
opmental delay (DD)/intellectual disability (ID) nervous system
hallmarks, NMIHBA patients may manifest more variable clini-
cal features, including craniofacial anomalies (sloped forehead,
large prominent ears, prominent eyes and narrow palate), sco-
liosis, joint contractures, muscle atrophy, hyperreflexia, pro-
found global DD, fronto-temporal atrophy, cortical and cerebellar
atrophy, seizures, and spastic quadriplegia.

Although the neurodevelopmental and neurobiological etiol-
ogy of NMIHBA remains unclear, the severe clinical and devel-
opmental aspects of this disorder suggest an important role for
PRUNET1 in fundamental cellular functions. Indeed, prior studies
have implicated PRUNE1 in cell proliferation and migration,
processes mediated in part through interactions with nucleo-
side diphosphate kinase 1 (NME1), glycogen synthase kinase-
3B (GSK-38) and B-tubulin respectively (4,8,12). Although in sil-
ico predictions of likely damaging effects of missense alleles
classify them as likely pathogenic, the direction of effect (i.e.
loss-of-function versus gain-of-function) and functional con-
sequences of these variants have not been established. The
observation of biallelic variants for a recessive disease trait,
and the identification of putative loss of function splicing and
nonsense variants support the notion of a reduced or loss of
PRUNE1 function in NMIHBA pathophysiology. In agreement,
patients harboring compound heterozygous mutations p.R128Q
and p.G174* (described herein) manifest typical NMIHBA similar
to those patients with homozygous missense variants span-
ning the conserved DHH (p.D30N, p.P54T, p.D106N and p.R128Q)
and DHHA2 domains (p.R297W) (8-10). Heterozygous carriers
of reported pathogenic missense and truncating variants in
PRUNE1 do not appear to have any phenotypic manifestations
in the spectrum of NMIHBA, indicating that PRUNE1 haploin-
sufficiency in heterozygous carrier parents is permissive for
neurotypical development. To gain further neurodevelopmental
and neurobiological insights into NMIHBA, we investigated the
functional effects of PRUNE1 variant alleles and generated a
knock-out mouse model of Prunel.
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We undertook comprehensive clinical phenotyping of two
siblings from one of the initially reported families (SZ51) with
NMIHBA and summarize the phenotypic spectrum across all
NMIHBA patients reported to date. Additionally, we provide
experimental evidence that disease-associated missense variant
alleles that map within the conserved N-terminal domain
can result in destabilization of the protein structure and
consequent loss of exopolyphosphatase activity. Furthermore,
we demonstrate that homozygous null alleles in Prunel™—
mice results in multiple vascular anomalies including abnormal
vascular network within the yolk sac and disrupted cephalic
vascular plexus culminating in midgestational lethality (E9.5).
Although embryonic lethality of Prunel homozygous null mice
precluded the molecular exploration of the neurodevelopmental
phenotypes, our study provides a potential biochemical basis
to NMIHBA pathophysiology and implicitly an avenue for
therapeutic exploration.

Results
Clinical description of NMIHBA patients

Family SZ51 is composed of two affected siblings (Patient
1 and Patient 2), an unaffected female sibling and non-
consanguineous parents of European ancestry (Fig. 1A). Familial
genomic analyses of these two affected patients and available
family members through whole exome sequencing identified,
as previously reported, shared compound heterozygous variants
in PRUNE1 (9). Both affected siblings inherited a missense
€.383G > A; p.Arg128GIn variant from their unaffected father and
a nonsense ¢.520G > T; p.Gly174* variant from their unaffected
mother (Supplementary Material, Fig. S1). The unaffected sister
is a heterozygous carrier for the paternal missense variant only.

Detailed clinical evaluation of both affected siblings was per-
formed through the NIH Undiagnosed Diseases Program (UDP)
at ages 4 years and 20 months, respectively. Both patients pre-
sented with profound DD, ID, brain atrophy (Fig. 1C-E), seizures
and absent language. Additional features not documented in
the initial report include optic atrophy, esotropia, scoliosis, gas-
trointestinal reflux (GERD), hypotonia and spasticity. Onset of
seizures in both siblings occurred at 6 months of age; it was
observed initially as infantile spasms that developed into gelas-
tic complex partial myoclonic seizures in Patient 1. EEG showed
slow waking background and slow spike waves with progression
to multifocal epileptiform discharges. Additional detailed clini-
cal information for these patients can be found in supplemen-
tary information (including Supplementary Material, Tables S2
and S3).

Additionally, we performed detailed literature and clinical
review of all 35 NMIHBA patients reported to date in order
to better understand the phenotypic spectrum of NMIHBA
(Table 1,Fig. 1B and F) (8-11,13-15). Consistent features across
the majority of patients include severe global DD (94.59%),
profound ID (91.89%) with absent language (83.78%) and brain
abnormalities (86.48%) characterized primarily by cerebral and
cerebellar atrophy, thin corpus callosum and white matter
changes. Hypotonia and spasticity are features observed in
the majority of patients (97.29%), whereas microcephaly and
seizures (64.86%) appear to be more variable than initially
reported, as more cases are documented. Visual (43.24%)
and gastrointestinal (37.83%) problems are additional clinical
features in a sizable number of patients. Interestingly, Alhaddad
et al. reported about half of their cohort having absent deep
tendon reflexes (DTRs) and/or reduced nerve conduction
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Figure 1. Clinical presentation of NMIHBA patients. (A) Immediate family pedigree and genotypes of patient 1 (P1) and patient 2 (P2). (B) Pathogenic variants in PRUNE1
identified in NMIHBA patients reported to date. The majority of pathogenic variants cluster in the DHH and DHHA2 domains. Variants characterized in this study are
highlighted in red. (C—E) Sagittal T;-weighted brain MRI images. (C) Image of patient 1 at 4 months of age showing no significant findings. (D) Image of patient 1 at
4 years of age showing severe cortical and cerebellar atrophy and milder corpus callosum and brainstem atrophy. The craniofacial ratio is decreased. The cerebellar
vermis decreased in height from 29.5 to 25.6 mm between the time the two images were obtained. (E) Image obtained for patient 2 at 20 months of age demonstrating
cerebellar vermis hypoplasia and mild cortical atrophy. (F) Frequency of clinical manifestations ascertained in reported NMIHBA cases.




velocities (NCVs) suggesting peripheral neuropathy as part of the
clinical spectrum of NMIHBA (13). Other patients also showed
neurogenic findings on electromyography (EMG) studies and
spinal motor neuron involvement. However, the majority of
patients were not assessed for these clinical phenotypes and
the true prevalence of peripheral nervous system involvement
in this disorder may still be underappreciated. A few patients
including probands described in this report developed scoliosis
as well as foot anomalies such as talipes equinovarus or
clubfoot, whether these features are secondary to the peripheral
neuropathy and spinal muscular atrophy like phenotype or
independent skeletal findings remains to be determined.
Attempts at establishing a genotype-phenotype correlation
for patients with NMIHBA were unsuccessful given that the
clinical severity of the phenotype was variable even among
individuals harboring the same variant allele (e.g. the recurrent
D106N variant). No relationship between severity of the clinical
presentation or presence/absence of specific clinical features
with the type of mutation or zygosity of variants was evidently
observed.

Affected subjects have been reported to originate from
countries around the globe (Supplementary Material, Fig. S2).
As expected, when homozygous alleles were identified, there
was often a history of consanguinity. Of note, most homozygous
subjects have missense variant alleles suggesting that NMIHBA
results in the majority of cases from hypomorphic alleles. The
likely loss of function null allele, c.G520T; p.G174* as a compound
heterozygote with the missense ¢.383G > A; p.Arg128GIn variant
in patients 1 and 2 is suggestive of partial function in these
individuals. More recently, a homozygous splicing variant (11)
and microdeletions spanning exon 2-8 in PRUNEI (13) that
possibly result in complete loss of PRUNE1 function have been
reported. These patients have similar clinical presentations as
those with homozygous missense variants. The neurotypical
phenotype of heterozygous loss of function carrier parents with
presumed haploinsufficiency at the PRUNE1 locus and the report
of either homozygous or compound heterozygous null alleles
suggests that NMIHBA results from partial or complete loss of
PRUNET1 function.

Comparative modeling of PRUNE1 mutations

Similar to other members of the DHH superfamily, PRUNE1
contains a common N-terminal DHH domain resulting from
four highly conserved motifs, with five invariant aspartates and
two conserved histidine residues, one of which is replaced by
Arginine (R128). One of the conserved aspartates is thought
to act as nucleophile forming a charge-relay system with the
conserved histidine, whereas the other aspartates bind divalent
cations required for the catalytic activity (4). Interestingly, most
of the pathogenic variants map to the highly conserved N-
terminal DHH domain. In order to understand how NMIHBA-
causing PRUNEI1 variants drive the disease phenotype, we chose
to characterize four variants (p.D30N, p.D106N, p.R128Q and
p-G174*) within the conserved N-terminal domain for which we
had patient-derived fibroblasts and/or comprehensive clinical
information.

Importance of the D30, D106 and R128 residues to PRUNE1
function is revealed by considering the crystal structure
of a homologous enzyme, Saccharomyces cerevisiae cytosolic
exopolyphosphatase (PPX1) (PDB ID: 2QB7) (16). PPX1 is 25% iden-
tical and 45% similar to human PRUNE1 and has an equivalent
enzymatic function (Supplementary Material, Fig. S3A) (4,17). In
this structure, a series of divalent metal ions (M1 and M2) and
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bound phosphate ions (Pr, Pg; and Pgy) delineate the active site
and define residues necessary for binding the polyphosphate
substrate as well as the catalytic metal ions. Strikingly, all
three of the missense mutations under investigation map to
the same region of the PPX1 active site: PPX1 residues D41
and D127 (equivalent to PRUNE1 D30 and D106) coordinate
a divalent metal ion, while PPX1 residue H149 (equivalent to
PRUNET1 residue R128) forms a charge-charge interaction with
the adjacent bound phosphate (Fig. 2A).

Substitution of Asn for Asp (as in D30N and D106N) will elim-
inate that amino acid’s ability to coordinate the divalent metal
ion, thereby abolishing catalytic activity and destabilizing the
local protein structure that was ordered by interactions with that
metal ion. Similarly, substitution of Arg 128 by Gln eliminates the
positive charge on that residue, likely preventing the mutated
residue from interacting with the negatively charged phosphate
group of a bound substrate.

To further verify these structural predictions, we performed
circular dichroism (CD) on mammalian cell (Expi293) derived
recombinant muteins harboring the D106N and R128Q variants.
Whereas D106N and R128Q recombinant proteins expressed
and migrated similarly to wild-type, rapid turnover of the D30N
mutant precluded protein purification and further analyses
(Fig. 3A; Supplementary Material, Fig. S3B and C). Far and near-
UV CD spectra were collected for wild-type PRUNE1 and the
two mutants (D106N and R128Q). Qualitative differences in the
far and near-UV CD spectra were observed for each mutant
compared with wild-type PRUNE1l (Fig. 2B and C). Spectral
deconvolution of the far-UV CD revealed differences in alpha-
helical content in the D106N and R128Q muteins (45 and
48.8%, respectively) as compared with wild-type (37.3%). Near-
UV CD analyses revealed differences in tertiary structure
between D106N and R128Q muteins as compared with wild-
type. Furthermore, increased magnitude of CD signal particularly
in the region contributed by Phe and Tyr residues indicated
change in overall tertiary structure. The increase in CD signal
possibly resulted from a more rigid conformation of the aromatic
sidechains induced by the D106N and R128Q mutations. Lastly,
quantitative assessment of spectral similarity (assessed by TQ
similarity match scores) of the far and near-UV CD between the
wild-type and muteins demonstrated a low similarity between
the spectra of the mutants compared with that of wild-type
(Fig. 2D and E). Therefore, our preliminary in silico and protein
biochemistry analyses predicted that these three missense
mutations could result in loss of protein function, by abolishing
substrate binding and catalytic activity or by destabilizing the
structure of the active site.

Missense mutations result in loss
of exopolyphosphatase activity

In order to evaluate protein stability, mammalian expres-
sion constructs encoding epitope (HA)-tagged wild-type or
missense PRUNE1 muteins (D30N, D106N, R128Q and G174*)
were transfected into HEK293 cells (Supplementary Material,
Fig. S4A). HEK293 cells have no detectable endogenous PRUNE1
expression. At steady state, immunoblotting analyses of
whole cell lysates demonstrated a significant reduction of
PRUNE1 levels in cells expressing D30N or D106N variants
in comparison to wild-type-tagged protein. Whereas lysates
from cells expressing G174* showed no discernable protein
product, the R128Q variant-expressing cells showed similar
expression compared with cells expressing the wild-type
protein (Fig. 3A). Degradation kinetics visualized by immunoblot


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data

3520 | Human Molecular Genetics, 2020, Vol. 29, No. 21

panunuod

S9Xa[JaI1
uopusl
paonpai snuop
fasnypip  pue fonseds (€/2)
eIxa[jortadAy (z/2) ‘etuojodAy £Arwanxs swiseds eIxa[JorradAy saxa[jo1  fyonseds/e
‘s1s (z1/8) s4La eIxo[JoIadAy reqoi3 189m0 s[muejur ‘stsaredupenb uopual  -1uoiradAy
-oredupenb  sisareders juasqe ‘(z1/21) ‘fyonseds 919A3S ‘eruojodAy ‘eruojodAy onseds JSLq QI [BISIP
onseds onseds  fyonseds ‘(z1/s) ‘eruojodAy  -/punojoxd paziersuad  pazierauad ‘eruojodAy  ‘ouol quui  ‘eruojodAy sanIeULIOUqe
‘eruojodAy 4+ ‘eruojodAy + eruojodAy + [eIXEe/[BIIUD ‘+ “+ [eleUOaU (+  [BlRUOSU + (eT/€T) “+ [BIIUSD {+ paseaIdUl i+ [eixe ‘+ 9U0] I[ISNN
(e1/e)
snwideyshu {(z1/2) (z/1) syoereyed erdonoss
SIUSUISAOWL Teyruaduod JUSPTULISIUL
243 d1peddES ‘spuens priw erdonjoss
‘(z1/z) ssaupurq  sul ArejuswIpnI Aydone ssaupurq reyusduod ‘Aydomne
- VN [eon00 ‘+ [e1s1eIq ‘4 VN ondo ‘+ [eo13100 ‘+ (€1/8) “+ VN =+ ondo ‘+ suraqoid uoIsIp
VN VN (er/e) + - VN + VN VN VN + +  sisoyd£yysisorjoos
o3en3uey o3en3uey a3en3ue
VN +  vNzieron)+ (em) + VN VN judsqe + (€t/en) + (€/¢)+ uesqe '+  juasqe + AKerap o8en3uet
VN § JeULION
- + s '(zt/e) + (c/e) + —  £repuoodss ‘+ - (e1/51) ‘+ (e/5) “+ + + Areydado1oty
+ +  vNzier/on)+ (ero) '+ + + + (et/01) '+ (e/) ‘+ + + seniewlIouqe urerg
+ a1aA3s + VYN T (cT/1T) + (em) + VN + + (€t/en) + (e/e) *+ + + at
(e/€)
+ + VN ¢ {(¢t/01) + (2/¢) punojoid ‘+ + uorssaidari+  punojoid 4 (c1/€1) 4+  punojoid 4+ punojoid (+ punojoid i+ aa
ON S3X SOX SOX ON SOX ON SOX S9K ON ON Ayum3uesuod
dirsez8iyd
8- suoxj[ap 1L <D688
‘[PPZ999101ST ‘usy9ordsy'd
-/SY¥860S18 'V <D9TED
«08TsAD°d ‘oigg/InaTd ayrpsoidd usyoordsvd b/ 1A1Dd b TADd
'V <1 0¥S2l D <LSISD ¥ <D09Td 'V<D91ED  L<D0zSD| ‘L <D0zsdl
usy9otrdsy'd usygordsyd ‘usy9otdsy-d urngerdry-d usyoordsyd  ¢,sjocecHd ‘usyoedsy'd  ‘usyoedsy'd upogerdivd u[Dgerdiv-d
'Y <D9TED 'Y <D9TED 'Y <D9TED 'Y <DEYED W <DITED VYSUIS/8 H/8D D <VC-1CSD 'Y <DggDd 'V <D88D V<DEED 'V <DEYED sjueLie)
194 dwon sno3AzowoH snodAzowoy snodAzowoy snodAzowioy snodAzowioy snodAzowioy snodAzowoH snodAzowoy 194 dwop  19H dwod £y1s03£7 yuerrep
uedLyy
Yo\ ‘ueadoing ueIpuj pue
ysmng (uerrear) uer[e]] ‘uetueRI] ysnng,
asauede( ueyue] us ‘9saueqaT pnes ueadoing ysnnL  9a1D-amqrlo Risicliite) Z'lpnes | ueadoing ueadoing Aprumyg
d N Wz'dol iz N N N N¥y'de WT4dl N K| X3S
owr g1 0kZ1 ok g1—wi 0 ouwI Og ‘oW ZT ow g ok ¢ okze 0K 0'1Z—€0 04 §'5—G'T owi g ok ¥ uonenyead je a3y
(8107) (8107) (8102) 1030 (¢102) (¢102) (£107) (s102) (¢-1528) (1-15289)
(6102) 1M (6T0Z) onded ‘v 32 pEPPRYIY ‘0 32 [PYPRIY ourwiode] ‘b 3o eARYeIRY |V 12 UTEISOD ‘v 12 OT[0Z ‘v 32 BDRIEY] zuaned 1 j1uaned

suoneINW TINMYA dTPI[eIq Y3 S[ENpIATpUI Jo sBurpuly [ed1uIp jo Arewrwing T 3[qeL



| 3521

Human Molecular Genetics, 2020, Vol. 29, No. 21

panunuod

(1%
Ui//) wd 98
a3ua
(ps9z0-) ‘P'S G'T—pue (511% 1306) (e11% wr02) (psoz-)
u g/ adua 17— pdusT u 06 YSuT 31871 U e qduaT
(ps1E0-) ‘P'sgyzt  “p'sGZ—pue ‘(e11% yise) YSeMm (o1% )
84 %'8 2yBaM 0180T—  07T— 2ySem 34 5°9T 2yBeM (pses—) BATSTIuSLM
‘('p'sz80-) 9% YSM PS¢+ “p's g'z—pue (‘p'sz-) {(311% Y205) wo 0'T¥ ‘(‘psgs—) uonenyeas je
wo §'ey :DJ0 pig > D40 01 96'¢— D40 1'¢c—:Dd0 VN WO 8%:040 wo 567 D10 VN VN :Dd0 W 1% D40  SIusWaInNsSesaN
(c1/9) surpuyy  s3urpuy sgurpuly
VN VN SADN PaMmo[S VN SIUB80INBN  dIUSZ0INSN VN VN VN VN VN DNI/ADN
(e1/2)
wnsoy[ed wInso[[ed
sndiod snd1od uryy
uonjeureAw unyp) ‘suod  ersejdodAy ‘(c1/¢) Aydone
pakefap jou Inu pue 1a33ewt SIULISA Ie[[9gaI13d/[elq  UOnEUIRAW
‘o3ewiep 191eW 9)TYM Ie[n JoLIRJuL -919D “(ET/%) pakerap wnsoqred
anym Aydornre erxodAy jo (z/1) saoeds 1sp -dinuaaLad ur ‘uory wnsofed sndiod sI[RULIOUGE ‘wnsoqed  sndiod pue
wniuawida) sudis 91210SIp (z1/%) usurwoid {(z/1) sadueyd reudts -eurRAw Jo 3uruuiy} 10 sndiod  wnruads Aydone
sunuod ‘sadeyrioway SUOISI[ Ureliq UOTIRUI[STW  ‘I9)3BW SMYM pakerap m sso]  fAisuspodAy  umyy ‘Aydone ISUUIY} IB[[2q13D
pue ureIqpIA Ie[[aga1ad  dsudjuLadAH pakerap {(z/2) Jo Surtuury} yim I913eW AYM Ianew Ie[[9ga1ad  ‘Id[NS pue pUE [e1g319D
‘wnsorred sndiod arepund  {(g1/9) Aydone Aydore eigaiad 2I2ASS Aydone [eigaisd [e1de[lq oMyMm peaids  pue [BIQII9D  SI[OLIIUIA ‘fydone
uryy ‘Aydone ‘uonyenIud Ie[[9ga19D) pliw pue ‘fydone  Ie[[2ga13d ‘wIn{egaIad apm (£T/S) ‘Aydonre [e193e] ureiq [eqoid
IR[[9Q219D pue -ISHIP X940d  ‘(g1//) Aydome wnsored sndiod [eonI0d pue [rews  uoneurpAwr  [edniod {(g/g) jusurword anrssazdoid s3urpury
[BIga192 3snyJIg aInjeww] [e1ga1aD [euLIouqy asnyiq rexgarep ‘Aydone reonion pakeraq Aydome ureig AIPIUN 219A9S/21eI9PON YN [EULIOUQY
sa31eydsIp
S3aNI[EULIOUqE uwtojnidaqide sanem
(z1/2) somids ondarida recomnw  ayids rerodway
SaINZIaS [edojnnwt [edojinux ‘erua juanbanyur
plistejplelesd mors ‘(z1/2) (z/z) ‘punoidpeq -yhresdAy ‘Burmors s3urpury
erwyihiresdAg  O1uo) [edog swiseds 207 HJJ [BULION pamo[s VN erunidyiresdAH VN VN PRUIPOIN punoidxpeg HIJ [BULIOUQY
swiseds
swiseds a[muejur
10X3[J pue ‘S2INZI9S
(z1/%) swiseds S2INZI9S swiseds JIUOOAW
swiseds S3INZI9S dIUO[D0 ondarids squury 10}0W smuejuy Tered xsrdwod
swseds ondafide  ondaqids fowr  -Aur/otuor) ‘owr 1omor/1addn [e20j ‘owt ‘owt O1Iseran 19sUO pue
‘owr g “Ip 19SUQ 9Ip3asSuUQ  g-OW [ I3SUQ — ‘oW 93leIISUQ T IBIBSUQ VN VN VN 931B3I9SUQ  ‘Owg IEI_SUQ 2dfy sinziag
+ + (c1/11) + - + + + (€1/9) ‘+ VN + + saInzieg
(et edeydsAq
VN VN  edeydsiq '+ (c/1) + VN VN VN VN VN + @93 219498 + Ylat' k)
(8102) (8102) (8107) (£102) 012 (£102) (£102) (s102) (z-1529) (1-1528)
(6107) i  (6107) onded v 312 peppeYlY |12 [SYPEJIV |D 12 OUTWIODB]  eAEYEeIeY] Ip 32 UTE}SOD ‘P12 0[[0Z ‘[ 312 BdBIEY zuaned T Juaned

panunuo) ‘T 3[qeL



3522 | Human Molecular Genetics, 2020, Vol. 29, No. 21

QDUBUOSII uﬁmﬁ%mg AN

3unsay
[edTwaydo1q
80S0X3 pue dIjogelaw
‘€0SOXT ‘ININS [ewioN ‘Sunss)
103 3unsa) SHDD pue
(c/1) 8uns=1 viND Te[nosjout ‘TNG ‘TAQIYINS 3unsay
pue ‘spioe druedio pa1931e], ‘M—Topeld £f1anoe ureyd
uun ‘O1[0qeISW ‘TewIou ‘UUBWSPaIM £1oyentdsaz
3unsel (z1/9) Buns= ‘[eDTIIAYDO0Iq 3unsel —ymdag [eIpuoyD03IW 3unsay,
VN VD [BUWLION JI[0qeISUl [BULION [RWLION d10qRIN VN  ‘VIND [BWION VN VN VN [RWLION snoraaig
Juspuadap
JUSUISAJOAUT aqny Auwiojsonses
[o11soutoAw jo uoINaU I0jowl  JLIse30SeU  ‘MO[[BMS JUISqE
UOT}BI}USDUOD (z1/8) uresa [eurds ‘xeioyy  ‘Awrolsoayd am Asped
paseardul {(z1/1) 3005qNID padeys [oq -ell"(ow  1eqng ‘esude
pue ‘suroyd {(Z1/1) wnyeARIXS ‘snieaournbs g) fousad  dasrs pue uon snuop
pue ajejredse sn103d ‘(z1/2) sadirey [eneqg -1jynsut -e[nuaaodAy opue  erserdsAp diy
1£390e-N jo Ayredofworpred ‘paarssqo  Aiojerrdsal enuan paureisns 97T ‘WNS
UOT}BI}USDUO0D oydonaadAy udts 1syjuIqeg  ‘UOTIBDO[SIP ‘asuodsal pue sudis K1osuas
pasea1dap 201 Y3y {c1/2) 'SSaIISIP diy  aarsu uerpauwt n{sulqeq snotrea
pamoys  I9AO0 90} pIg S9IN1DBIIU0D £1ojexdsar ‘sis ‘saInioeI}l JUSSqE [eIdlellg Te193e[Iq 0] UOISIDAB
Adoosomndads  jouonemap  -/stsodAi3oiyiry -odA18o1yare -u0d d3UYY ‘snieaouinba ‘a7Ie1s pue sp3Ie1s s3urpury
N rerarerid  (z1/S) SADN MO[S VN jurof [eIstq  ‘uoissaiday  sadife) [e1die[ig VN VN poieraddexy paje1addexy 1930
wsnnsIy
‘SI1e9 19S-MO]
‘eI1eus0IdTUL
ResEEx
paoeds Ajapim/m a1ered payoie
uonnuap sarddiu Y31y moireu
[euLiouqe onserdodAy ‘a3puiq [eseu
‘93pliq [eseu B[]  pUE PayDeIaP 1e[J ‘s1ea 13s
‘wistioPRdAy  ‘Ajf1oepAuydeiq Mo ‘BurmorIeu
‘sproj reypuedtds  ‘Areydadorderd s1ed ad1e| rexdwiiq (c1/€1)
eIYIRUSOIDIN ‘Areydanoideq [e1UOL} ‘Areydad ‘peayaiog Areydad saInjes)
Areydsooideiyd  eryreusonsy (z1/1) “+ (¢/1) 4+ ‘snyaueordqg 4 -Ayoeig + ey i+  -oderyd ‘+ (e/2) “+ VN VN orydiowsiq
(8102) (8102) (8107)  (£102) 132 (z102) (£102) (s102) (¢-1529) (1-1528)
(6107) M1 (6107) ondeg ‘v 12 Peppey[Y ‘b 32 [9UPRJ[Y  ']D 19 OUTWIODE] efexerey ‘v 12 UTR1ISOD ‘32 O[[0Z |p 12 BDRIRY Z1usaned 1 1usaned

panunuo) ‘I d[qeL



Human Molecular Genetics, 2020, Vol. 29, No. 21 | 3523

A B
Far-UVv CD
5 2x104
=
©
E 1x10%
o
o
N z 04
>
PPX1 H149 _ / L
(PRUNE1 R128) B PPX1 D41 2— -1x10%
A |~ (PRUNE1 D30) m
) - \ S §
/ - X\ § -2"104 T T T
PPX1 D127 3 ﬁ PPX1 H148 200 220 240 260
(PRUNE1 D106) J—/ ~“._ (PRUNE1 H127) Wavelength (nm)
C D
Near-UV CD
% Secondary structure estimation (%)
— wt
£ 5.0x10' — D106N Sample Helix ~ Sheet  Turn Random
Et — R128Q
; 0.0 WT 37.3 10.2 22 30.5
(0]
e
> -5.0x10'- D106N 45 8.4 18.3 28.3
S
°
= 2 R128Q 48.8 10.8 23 17.3
5 -1.0x10%
g
§° -1.5%x102 T T T T
260 280 300 320 340
Wavelength (nm)
E
Similarity match (as compared to WT)
D106N R128Q
Near UV-CD 31.3 45.2
(250-340nm)
Far UV-CD 63.9 39.8

(190-260nm)

Figure 2. Missense mutations perturb secondary and tertiary structure of PRUNE1. (A) Homology modeling (based on 1.6 A resolved S.c. PPX1 structure, 2QB7)

demonstrated D30, D106 and R128 residues fall within a metal-ion and phosphate

binding interface representing the active-site for phosphate hydrolysis. Disruption of

these charged residues within the active-site impair metal coordination (D30N and D106N) and substrate binding R128Q. Three bound phosphate moieties Pr, Pg; and

Py shown in ball-and-stick, and the catalytic metal ions (M1 and M2) as pink sph

eres. (B) Far-UV CD spectra reveal secondary structure differences between wild-type

and missense (D106N and R128Q) mutants. (C) Near-UV CD spectra signify change in the tertiary conformation of missense (D106N and R128Q) mutants as compared
with the wild-type. (D) Spectral deconvolution of far-UV CD spectra revealed differences in alpha-helical content between wild-type and D106N or R128Q mutants. (E)
Similarity match scores (based on quantitative assessment of similarity of far-UV and near-UV spectra) reveal low similarity of the missense mutants as compared

with wild-type.

assays following cycloheximide-mediated translational block
demonstrated rapid and significant loss of D30N and D106N
mutant proteins, which was rescued by the cell-permeable
proteasome inhibitor, MG132 (Fig. 3B). In contrast, the R128Q
variant and wild-type PRUNE1 levels were stable after synthesis,
as they were observed at >80% of baseline (0 h levels) after 24 h of
cycloheximide treatment (Fig. 3B). In subsequent experiments,
we evaluated PRUNE1 protein levels in patient-derived skin
fibroblasts harboring the compound heterozygous R128Q/G174*
variants or homozygous D106N variants (Supplementary

Material, Fig. S4B). PRUNE1 levels were comparable between
fibroblasts harboring compound heterozygous variants and
the wild-type allele. However, cells homozygous for the D106N
variant showed dramatic reduction in PRUNE1 levels at steady
state (Supplementary Material, Fig. S4C). Proteasome inhibition
by MG132 rescued the loss of the mutant protein in these
cells (Fig. 3C). Taken together, these studies suggested that the
D30N and D106N variants lead to reduced protein stability and
degradation by the proteasome pathway, whereas the R128Q
variant results in a stable mutant protein.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
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Figure 3. D30N and D106N variants result in reduced protein stability and proteosomal degradation, whereas R128Q variant results in stable mutant protein. (A) HEK293
cells were transfected with N-terminal HA-tagged wild-type or mutant PRUNE1 cDNA. Equal amounts of protein from whole cell lysate were used for immunoblotting
using antibodies against N-terminal HA-tag, and C-terminal PRUNE1 epitope (a.a. 393-420, dotted line). GAPDH was used as a loading control. G174* mutant showed
no expression, whereas D30N and D106N mutants showed significantly reduced expression as compared with wild-type and R128Q levels. (B) Immunoblots of cells
overexpressing N-terminal HA-tagged wild-type or mutant PRUNE1 treated with cycloheximide (CHX) at 200 pM for 0, 6 and 24 h (with or without proteasome inhibitor
MG132 at 15 uM). Bar graphs in (A) and (B) represent densitometry analyses of three independent experiments. *P <0.05, **P <0.01, ***P < 0.001, error bars: SEM.
(C) Immunoblotting of endogenous PRUNEL1 in patient derived fibroblasts harboring compound heterozygous R128Q; G174* variants or homozygous D106N missense
variant treated with or without MG132 (15 pM). Densitometry analysis of the representative immunoblot shown in numerical format.

PRUNE1 has been ascribed exopolyphosphatase and phos-
phodiesterase activity based on sequence homology to yeast
exopolyphosphatase PPX1 and bacterial nuclease RecJ, respec-
tively (4). In subsequent experiments, we assessed how
missense variants in PRUNE1 influence its enzymatic function.
GloSensor assays established no detectable cAMP or cGMP
phosphodiesterase activity of wild-type or missense PRUNE1
variants as compared with PDE4A and PDESA (Supplementary
Material, Fig. S5A). However, consistent with the findings of Tam-
menkoski et al. (17), wild-type PRUNE1 catalyzed polyphosphate
hydrolysis of short-chain polyphosphates P; (keat=6.24 s7%;
Km =8.4 UM Vipay =0.06 pM/s) and Py (kear =4.2 s7%; Ky = 16.13 pM;
Vimax =0.04 pM/s) using Mg?* as the metal cofactor (Fig. 4A and B)

and demonstrated no expolyphosphatase against long-chain
polyphosphates P, Pss and Py (Supplementary Material,
Fig. S5C). D106N and R128Q variants completely abolished short-
chain exopolyphosphatase activity compared with wild-type as
assessed by BIOMOL® Green phosphate reagent using P; (1-
50 pM) and P4 (5-100 pM) as polyphosphate substrates (Fig. 4C).
Similarly, Escherichia coli expressed D106N and R128Q variants
had no detectable short-chain exopolyphosphatase activity as
compared with wild-type (Supplementary Material, Fig. S5B).
Taken together, these results indicated that missense vari-
ants D30N, D106N and R128Q result in loss of PRUNE1 func-
tion either due to impaired protein stability or due to the loss
of enzymatic function. These findings are consistent with the


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
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A

Lineweaver-Burk Plot (Substrate: P3)

400+
o -
304 L® y=13442+1601
2 R?=0.90
[} v avd
- ’////,:
s 200 Vtand
\1 A
) 2 ¥
o vots
100 Vo
2 Y 24
4
¥
A0 0577 05 10 15 20 25 3.0
:/
1/[S] (uM)

Lineweaver-Burk Plot (Substrate: P4)

150
[ ]
, y=384.39x+23.82
100 b /,:. R2=057
— /’/,/.
% 5 e
= [ R4
a 50{ /%
> 2
2 18
s,
= /1
Sl
04 -03 02,7 9//, 0.1 0.2 0.3 0.4
/s
4 !
4 50
1/IS] (uM)

B

1.5

Human Molecular Genetics, 2020, Vol. 29, No. 21 | 3525

PPase Assay (Substrate P3, 1uM) PPase Assay (Substrate P4, SuM)

10+

| == NoEnzyme == PRUNE1D106N - o= NoEnzyme  =wm PRUNETD10GN
=== PRUNE1WT == PRUNE1R128Q o= PRUNETWT == PRUNE!R128Q
= 1.0
= =21
= g
4 3
o T
0.5 e .
A . o S S S
0.04+——7— T T 1
50 100 150 200 0 . T .
Time (seconds) 50 100 150
Time (seconds)
PPageAssay (Substrats P3, 5uM) PPase Assay (Substrate P4, 20uM)
o= NoErzyme == PRUNE1DIOSN 159 == NoEnzyme  =s= PRUNE?D106N
== PRUNETWT =s= PRUNE1R128Q === PRUNE1WT === PRUNE1R128Q
< 104
= s
s =
= a
= o
g & 5
> -
T T T T 1 c y . L
0 50 100 150 200 50 100 150
Time (seconds) Time (seconds)
PPase Assay (Substrate P3, 50uM) PPase Assay (Substrate P4, 100uM)
=o= No Enzyme —— PRUNE1D106N =o= No Enzyme === PRUNE1 D106N
40- = PRUNETWT = PRUNE1R128Q 40- —== PRUNETWT == PRUNETR128Q
30 304
s s
3:,20" 320-
2 o
a

T T 1
200 300 400

Time (seconds)

160 T T 1
400 600 800

Time (seconds)

T
200

Kinetic parameters for hydrolysis of P; and P4 by PRUNE1 in presence of

Mg2* (2mM)

Polyphosphate Keat (1) Km (UM) Vimax (MM/s)
Ps 6.24 (13) 8.4 (2.2) 0.06(0.13)
Py 4.2 (3.4) 16.13 (19) 0.04 (0.03)

Figure 4. D106N and R128Q variants result in loss of short chain exopolyphosphatase activity. (A) Lineweaver—Burk plots depicting short-chain exopolyphosphatase
kinetics of wild-type PRUNE1 using sodium tripolyphosphate (P3) and sodium tetrapolyphosphate (P4) as substrates. Dotted black lines represent 95% CI. (B) Kinetic
parameters for hydrolysis of polyphosphates (P3 and P4) by wild-type PRUNE1 in the presence of Mg?t (2 mM) as the cofactor. Values reported by Tammenkoski et al.
are shown within parenthesis (17). (C) Short-chain exopolyphosphatase activity of wild-type, D106N and R128Q mutants on P3 and P4 determined using fixed-time
BIOMOL Green phosphate detection assay. Data represented as mean + SEM over three independent experiments with six technical replicates per sample.

observed phenotypic concordance between patients harboring
homozygous missense D30N, D106N variants and the compound
heterozygous individuals (p.R128Q; p.G174*) described herein
(patients 1 and 2). Importantly, these studies support the loss of
PRUNE1 function as the molecular etiology of NMIHBA.

Loss of Prunel results in embryonic lethality in mouse

In an effort to model NMIHBA in vivo, we next studied the
consequences of Prunel loss-of-function by generating Prunel =/~
mice as shown in Supplementary Material, Figure S6A and B.
Here, homologous recombination was employed to replace exon

2 with a lacZ reporter cassette. A stable transcript derived from
this allele predicts a non-functional Prunel protein missing
amino acids 15-454. Importantly, this mutant allele provides
for a lacZ reporter, enabling spatio-temporal localization of
Prunel expression. Prunel™~ animals (both sexes) are viable
and appeared normal as compared with wild-type litter-
mates, with no differences in body weight, body composition,
serum chemistry and hematology (Supplementary Material,
Table S4). LacZ expression profiling at E12.5 demonstrated
widespread expression across multiple tissues including the
brain (Supplementary Material, Fig. S6B). In adult Prunel ™~ mice
(postnatal day 56), strong CNS expression was observed in the


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
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Prune1*

Prune1*-

Figure 5. Loss of Prunel results in vascular defects with significant disruption of the cephalic vascular plexus. (A) Representative whole mount Pecam1 staining at
E9.5 demonstrated reduced plexus branching and perturbed capillary sprouting within the cephalic region (frontonasal prominence and brain, yellow arrow) in the
Prunel™/~ embryos as compared with wild-type and heterozygous littermates. Moreover, Prunel ™/~ embryos displayed cardiac defects observed as a less intricate
appearance of the endocardium when compared with littermate controls (red arrow) (B) Higher magnification (6.3X) images further highlight the disruption of the
cephalic vascular plexus. A total of three Prune1?/+, 2 Prune1t/~ and 5 Prune1~/— embryos were analyzed in two independent experiments.

hippocampus, cerebellum, amygdala, hypothalamus and the
cortex (Supplementary Material, Fig. S6D).

No homozygous mutants were found among 55 pups at
postnatal day 10 from Prunel*/~ intercrosses (Supplementary
Material, Fig. S6C). In light of this presumed embryonic lethality,
embryos were collected at various developmental time points.
Mendelian ratios were maintained at E9.5 (Supplementary Mate-
rial, Fig. S6C); however, no Prunel ™~ embryos were found beyond
E12.5 suggesting lethality between E9.5 and E12.5. Whole mount
examination of embryos and yolk sacs at E9.5 (~25 somites)
employing endothelial-specific Pecam 1 immunochemistry
revealed significant defects in vessel morphology in Prunel
mutants. First, Prunel ™~ yolk sacs exhibit a profound decrease in
capillary plexus formation and absence of differentiated vessels,
indicative of perturbed vascular remodeling (Supplementary
Material, Fig. S7B). Second, mutant embryos also show severe
defects in the formation and remodeling of the cephalic vascular
plexus, most strikingly revealed in 3D in Optical Projection
Tomography (OPT). In addition, anomalies to the limb bud
vasculature, dorsal vascular plexus (along the spinal cord)
and marked cardiac hypoplasia were fully penetrant in all
observed Prunel™~ embryos (Supplementary Material, Fig. S7A,
Fig. 5A and B). The observed mid-gestational lethality is consis-
tent with the phenotype reported by the International Mouse
Phenotyping Consortium (https://www.mousephenotype.org/
data/genes/MGI:1925152). These rodent studies demonstrate
that Prunel is essential for mouse embryonic development.
Furthermore, if PRUNE1 homozygous loss of function is similarly
lethal in humans, these results suggest that NMIHBA-causing
PRUNET1 variants are likely hypomorphic.

Discussion

Since our initial report of PRUNE1 as a novel candidate gene
for abnormal neurodevelopment and brain malformation, 37

NMIHBA patients have been reported to date by us and others
(8-11,13-15,18,19). Detailed clinical and literature review of these
reported NMIHBA cases allows for a more comprehensive view
of this novel neurodevelopmental disorder (Table 1,Fig. 1). The
main features defining the disorder, namely profound DD, ID
and brain malformations, remain consistent; however, addi-
tional clinical features such as optic nerve atrophy, gastroin-
testinal problems and peripheral nervous system involvement
have emerged with additional reports of patients with NMIHBA.
Subsequent reporting of patients with novel genetic disorders
after the initial report enables a better understanding of the
phenotypic spectrum and often helps in informing newly diag-
nosed patients and their caregivers of the natural history of
disease.

The worldwide distribution of reported patients and disease-
associated variants conforms with the clan genomics hypothesis
where rare alleles of high effect arising in recent ancestors
are more likely to contribute to disease burden versus com-
mon variants of small effect in the population (20). These rare
alleles are more likely to come together in homozygosity in
certain populations due to genetic mechanisms such as drift in
founder populations or inbreeding in consanguineous popula-
tions. For example, the splicing variant allele ¢.521-2A > G has
now been reported multiple times as a founder allele in the
Cree population from Canada (14,21). Similarly, the D30N allele,
so far reported in Saudi and Omani individuals (8,9), appears
to be a founder allele in Middle Eastern populations, whereas
other pathogenic rare alleles have been reported once so far
in single families from different populations around the world.
Interestingly, the most common pathogenic allele reported in
NMIHBA patients is the D106N variant, observed in individuals
from diverse ethnic backgrounds from Turkey, Italy, Lebanon, Sri
Lanka and Japan. While this variant appears to be a founder
allele in the Turkish population, the diversity of populations
where it has been observed poses the possibility that the D106


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa237#supplementary-data
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residue is a recurrent mutational site and that the allele has
arisen multiple times in different population haplotypes.

Furthermore, in this study, we investigated the molecular
etiology underlying PRUNE1 dysfunction in NMIHBA. Based on
our in vitro and in vivo data, we conclude that the molecular
pathomechanism of this rare genetic disorder is reduced or
altered function of PRUNE1 due to hypomorphic alleles. The
majority of disease-associated alleles including the splice site
variant within intron 4 (c.521-2A > G: IVS4-2A > G) cluster in the
catalytic DHH domain of PRUNE1, underscoring the critical role
of this conserved domain in NMIHBA pathogenesis. Using in
silico and biochemical approaches, we explored the functional
effects of four reported pathogenic PRUNEI variants: p.D30N,
p-D106N, p.R128Q and p.G174* on PRUNE1 function and exam-
ined the potential developmental and organismal functional
consequences of homozygous Prunel ablation.

Protein homology modeling using the S. cerevisiae orthologue,
PPX1 demonstrated that the D30, D106 and R128 residues
fall within a metal-ion and phosphate binding interface
representing the active-site for phosphate hydrolysis. Disruption
of these charged residues within the active-site is predicted to
impair metal coordination (D30N and D106N) and substrate
binding (R128Q). Overexpression of human PRUNEI cDNA
harboring NMIHBA pathogenic variant alleles in HEK293 cells
demonstrated a complete loss of protein product for the D30N
mutant and a dramatic reduction in the D106N product. Both
isoforms were rescued upon inhibition of the proteasome
degradation pathway, suggesting that the loss of metal-binding
residues destabilizes local protein structure resulting in protein
degradation. In contrast, the R128Q variant was stably expressed
at levels comparable to wild-type protein. Patient derived
fibroblasts further confirmed these findings, implicating the
metal coordinating D106 residue to be critical for maintaining
active-site structure and protein stability. It has been proposed
that the R128 (H149 in S.c.-PPX1) along with the binuclear metal
cluster (M1 and M2 in Fig. 2A) coordinate binding of one of the
phosphate moieties (Pr; Fig. 2A) of the substrate, rendering the
P-O bond more susceptible to nucleophilic attack. This model
would suggest impaired polyphosphate processivity by the
R128Q mutant. Consistent with such a model, in vitro short-
chain exopolyphosphatase assays using recombinant proteins
derived from mammalian or E. coli overexpression systems
demonstrated the loss of exopolyphosphatase activity in R128Q
and D106N mutants as compared with the wild-type. Kinetic
parameters for hydrolysis of short-chain polyphosphates P; and
P, (in the presence of 2 mM Mg2™) by wild-type PRUNE1 in our
assays were comparable to those reported by Tammenkoski et al.
(17). Our data related to the R128Q mutant in conjunction with
enhanced kinetics of P; hydrolysis by R128H mutant (where
the positive charge is retained) demonstrated by Tammenkoski
et al., further reinforce a model wherein binding of the metal ion
at the active site accelerates substrate binding, and the bound
substrate in turn enhances the enzyme affinity for the metal
ion (17). Therefore, mutations that disrupt metal coordinating
residues or substrate binding residues may result in the loss of
enzymatic function. Furthermore, in line with previous reports,
we demonstrate that wild-type PRUNE1 has no detectable cyclic
nucleotide (cAMP or cGMP) phosphodiesterase activity or long-
chain exopolyphosphatase activity (17). Taken together, these
studies suggest the loss of short-chain exopolyphosphatase
activity as a potential mediator of NMIHBA pathophysiology.
In light of our biochemical observations on disease associated
mutant proteins, it is intriguing to note that Zollo et al. (8) ascribe
enhanced short-chain exopolyphosphate activity (based on Py
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hydrolysis) for two NMIHBA variants they characterized includ-
ing the D30N mutant which is demonstrably a loss of function
variant in our analyses. Furthermore, their reported Kcat/Km
ratio for P, hydrolysis by wild-type PRUNE1 (0.014 pM~! s71)
is an order of magnitude different than those observed in the
present study (0.26 pM~? s7!) and reported by Tammenkoski
et al. (0.18 pM~! s71) (8,17). These discrepant results may be
due to differences in cofactor concentration (10 mM Mg2™ as
opposed to 2 mM Mg2* in our assays and Tammenkoski et al.),
substrate purity or other confounding factors specific to the
experimental methods used.

At the time of our initial discovery of PRUNE1 as the disease
causing gene, no mouse or other model organism data were
available to provide further insights into the biological role of
PRUNE1 in neurodevelopment and disease pathophysiology.
Conservation at the protein level and similar developmental
expression suggested preserved function between the mouse
and human orthologues. Based on functional analyses of disease
causing human alleles, we engineered a mouse model of
NMIHBA by knocking out the murine Prunel gene. Since the
original publication of PRUNEI1 as a novel disease gene in
Karaca et al. (9), a Prunel-null mouse was developed and
phenotyped by the International Mouse Phenotyping Con-
sortium (IMPC). (http://www.mousephenotype.org/data/genes/
MGI:1925152). Consistent with the IMPC data, we observed fully
penetrant embryonic lethality in the null mouse prior to E12.5.
Our in depth developmental phenotyping of the Prunel-null
embryos demonstrated profound vascular defects manifested by
poorly branched vessels within the yolk sac, cardiac hypoplasia
and a disrupted cephalic vascular plexus resulting in embryonic
lethality between E9 and E10. We were intrigued by the profound
cardiovascular defects in the Prunel-null embryos, given the
reported absence of such manifestations in NMIHBA patients.
Interestingly, we observed robust LacZ reporter expression
in embryonic heart (E12.5, Supplementary Material, Fig. S6E),
and robust cardiac expression in both adult mouse (median
TPM: 13.34; n=6 samples) and human (median TPM: 16.39;
n=432 samples) based on in-house mouse transcriptomics and
publicly available data from the Genotype-Tissue Expression
(GTEx) project portal, respectively. Unfortunately, our current
analyses using a germline loss of function model do not address
if the cardiovascular anomalies result in lethality. Moreover,
it is unclear if these represent cell-autonomous defects or a
consequence of altered hemodynamics secondary to impaired
vasculogenesis within the yolk sac. Conditional ablation of
Prunel in these tissues would help elucidate this further.

LacZ reporter expression in heterozygous mice demonstrates
broad diffuse Prunel expression across multiple tissues and
cell lineages at E12.5 (Supplementary Material, Fig. S6B). Con-
sistently, Prunel expression in adult mice is observed across
multiple tissues with strong expression within the CNS (Sup-
plementary Material, Fig. S6D). Despite this widespread expres-
sion profile, the most overt phenotypes arising from loss of
Prune 1 are vascular deficits most prominent in the cephalic vas-
cular plexus possibly resulting from a local deficit in angiogenic
cues or due to altered hemodynamics downstream of defective
vascular development. Further analyses are required to discrim-
inate the effect of hemodynamic defects versus the signaling
perturbations downstream of Prune1 loss of function, and more
importantly as to why the cephalic vessels are most affected.

It is intriguing as to why homozygous deletion results in
embryonic lethality in mouse, while probands in this report
and others survive past gestation. Whereas two patients have
been reported to be homozygous for splice-site and frameshift
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variants in PRUNE1 (11,15), comprehensive analyses of protein-
coding variation in PRUNE1 across several large-scale human
genetic variation databases including ExAC/gnomAD and our
internal (DiscovEHR) database identified no homozygous carri-
ers of predicted loss-of-function variants despite the observa-
tion that heterozygous loss-of-function variants are well tol-
erated (Supplementary Material, Fig. S8) (22,23). Residual enzy-
matic function of the hypomorphic missense alleles beyond
the range of detection of our in vitro assays, alternative non-
enzymatic developmental function (in mouse) or potential com-
pensation by other phosphatases during neurodevelopment (in
human) could potentially explain the observed species-specific
difference in phenotype. Future analyses using knock-in mouse
models or gyrified mammals such as ferrets along with human
iPSC-derived brain organoids may help discern the allelic archi-
tecture of NMIBHA and allow for molecular interrogation of
PRUNET1 function in mammalian neurodevelopment.

Polyphosphate has been implicated in diverse physiological
processes in higher eukaryotes, including apoptosis, mTOR
activation and neuronal signaling (24-26). This pleiotropy is
consistent with the essential role of inorganic diphosphate
(PP;) for cellular metabolism across taxa and the potential role
of polyphosphate metabolizing enzymes (including PRUNE1)
in maintaining phosphate homeostasis. However, mechanistic
understanding of how polyphosphate metabolism influences
cellular metabolism and in turn organogenesis remains obscure.
More recently, Cremers et al. proposed polyphosphate as a
conserved modifier of amyloidogenic processes capable of
mitigating neurotoxicity induced by amyloid fibers (27). Further
studies using mouse models that closely recapitulate the
NMIHBA phenotype will help uncover mechanisms by which
PRUNET1 influences neurodevelopmental and neurodegenerative
processes. The fact that NMIHBA-causing PRUNE1 variants lack
exopolyphosphatase activity may facilitate the exploration of
therapeutic avenues that would allow for preemptive rather
than symptomatic intervention of NMIHBA in the future.

Materials and Methods
Cell culture

HEK293 and human fibroblast culture medium consisted of
DMEM (Gibco; 11995-065) supplemented with 10% fetal bovine
serum (Gibco; 16000-036), 1% non-essential amino acids (Gibco;
11140-050) and 1% Penicillin-Streptomycin (Gibco; 15140-122).
Cells were dissociated using 0.05% Trypsin-EDTA (Gibco; 25300-
054). HEK293 cells were seeded in 96-well plates at a density
of 20000 cells/well and in other formats (12- and 24-well) at a
density of 50000 cells/cm?. Fibroblasts were seeded at a density
of 3000 cells/cm?, in all cases. Genotypes of patient-derived
fibroblasts and control dermal fibroblasts (ATCC; PCS-201-010)
were Sanger di-deoxy sequence verified using primers listed in
Supplementary Material, Table S1.

Immunoblotting and protein stability analyses

N-terminal HA-tagged PRUNE1 overexpression constructs were
transfected into PRUNE1 non-expressing HEK293 cells using X-
tremeGENE HP DNA (Roche; 06366236001) transfection reagent.
As a transfection control, CMV-driven eGFP expression con-
struct was co-transfected at a 1:19 ratio. Two days later, whole
cell lysate was collected, and total protein concentration was
quantified using bicinchoninic acid (BCA) assay (ThermoFisher;
23225). PRUNEL1 levels in overexpressing HEK293 and in human

fibroblasts were analyzed by immunoblotting using anti-PRUNE1
(Origene; TA344725) and/or anti-HA (Abcam; 18181) antibodies
at 1:1000 dilution, using GAPDH (CST; 3683S) as a loading control.

Stability of the various PRUNE1 muteins was evaluated by
overexpressing N-terminal HA-tagged PRUNE1 constructs in
HEK293 cells. After 48 h, medium containing either cyclohex-
imide (200uM; Sigma 1810) and/or MG132 (15uM, Sigma; M8699)
was added. Whole cell lysates were collected 0, 6 and 24 h of
cycloheximide treatment. Whole cell lysate from cells treated
with both cycloheximide and MG132 were collected after 24 h
of treatment. Total protein concentration was quantified and
immunoblotted using Li-COR Odyssey CLx imaging system.
In complementary immunoblotting experiments, endogenous
PRUNE1 levels in Sanger verified (Supplementary Material,
Fig. S4B) patient-derived fibroblasts BAB3500 (PRUNE]P106N/D106N)
and UDP760 (PRUNEIR128QC174") was compared with control
neonatal dermal fibroblasts (ATCC, PCS-201-010).

GloSensor cAMP and cGMP assays

HEK?293 cells were plated at a density of 20000 cells/well in poly-
D-lysine-coated 96-well plates (Corning; 354 651). The following
day cells were co-transfected with 12.5 ng pGloSensor-22F or
pGloSensor-42F and 10 ng of PRUNE1 overexpression constructs
(D30N, D106N, R128Q and 4DD) or control PS100013, PDE4A or
PDESA vectors per well. Total DNA was maintained at 100 ng
per well. Two days later, cells were changed into GloSensor
equilibration medium (10% fetal bovine serum and 2% GloSensor
assay reagent (Promega; E1290) in CO,-independent medium
(Gibco; 18045-088). Analyses of parallel plates demonstrated
no differences in cell viability (evaluated using MTT assay,
ThermoFisher; V13154) and total protein concentration (eval-
uated using BCA) across different experimental groups. Upon
equilibration at room temperature for 2 h, basal luminescence
was acquired using a PerkinElmer 2104 multimode plate reader.
Forskolin (Sigma; F3917) or sodium nitroprusside dihydrate
(Millipore; 567538) was added to the medium to a final
concentration of 10 or 50 pM. cAMP or cGMP phosphodiesterase
activity was evaluated by measuring luminescence recorded at
1-min intervals up to 45 or 60 min, respectively.

Exopolyphosphatase assay

Exopolyphosphatase activity of PRUNE1 against short-chain
polyphosphate (PolyP) substrates, sodium tripolyphosphate (P3,
Sigma; 72061) and sodium tetraphosphate (P4, BOC Sciences;
7727-67-5) was determined by a fixed time assay using BIOMOL
GREEN phosphate detection kit (Enzo Lifesciences; BML-AK111).
Reaction was performed 15-120 s in 50 pL of 100 mM Tris/HCI,
50 pM EGTA, 2 mM MgCl,, pH 7.2 at substrate concentrations
ranging from 0.5 to 100 pM and 1 to 50 pM for P3 and P4,
respectively. Reactions were terminated by addition of 100 pL
of BIOMOL GREEN reagent; absorbance at 620 nm was measured
following a 30-min incubation at 25°C. Kinetic parameters were
assessed by plotting Lineweaver-Burk plots using GraphPad
PRISM 7 software.

Exopolyphosphatase activity of wild-type PRUNE1 on
medium and long-chain PolyP substrates (consisting of 45, 65
and 700 orthophosphate monomers, Sigma S4379, Sigma; S6253,
Kerafast; EUI002) was assessed by comparing to S. cerevesia PPX1
(Bioorbyt; ORB419100). About 50 nM of PRUNE1 or 100 nM PPX1
were incubated with polyphosphates at a final concentration
of 2 mM (in terms of phosphate residues) in 100 mM Tris-HCI,
pH 7.2, 50 pM EGTA, 2 mM MgCl, or 50 mM HEPES/KOH, pH 8.0,
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1 mM MgCl,, 125 mM KCl, respectively. Reactions were allowed
to proceed at 37°C for 150 min. Reactions were terminated at 15,
30, 60 and 150 min. Negative control reactions, containing no
enzyme in both buffer systems, were also prepared as above.

Polyphosphate hydrolysis was tracked by running fractions of
the reactions on TBE gels and staining polyphosphates present
using toluidine blue O, as previously described (28). Briefly, reac-
tions were diluted with Novex Hi-Density TBE Sample Buffer
(Thermo Fisher; LC6678), and run on precast TBE gels, either
20% (EC63155; Novex) for P45 and P65 reactions or 6% (EC62655;
Novex) for P700 reactions. Following electrophoresis, the gels
were stained in 0.05% toluidine blue O in fixative solution (an
aqueous solution of 25% methanol and 5% glycerol) for 15 min,
with agitation, followed by 3 h of washing in fixative solution
and imaging. In concurrent analyses, released phosphate was
quantified using BIOMOL GREEN phosphate detection kit as
described above. All experiments were repeated at least three
times with a minimum of four technical replicates per sample.
Data were analyzed using PRISM 7 (GraphPad) software.

CD and in silico modeling of PRUNE1 mutations

PRUNE1 wild-type, D106N and R128Q muteins were analyzed by
CD spectroscopy by collecting far-UV (<250 nm) and near-UV
(260-320 nm) CD spectra. Prior to CD measurements, all samples
were dialyzed twice in a base buffer, 20 mM Tris-HCI, pH 7.8
to eliminate DTT that could potentially interfere with far-Uv
CD measurements. Following overnight dialysis, concentrations
were determined by A280 measurements, using a theoretical
extinction coefficient based on amino acid sequence of each
protein. Near-UV CD measurements were obtained at 0.75, 0.7
and 0.45 mg/ml for wild-type, D106N and R128Q samples, respec-
tively. All samples were further diluted (2-fold) using 0.02 pM
filtered dialysate for far-UV CD measurements. Far-UV CD spec-
tra were evaluated at 0.38, 0.35 and 0.21 mg/ml for wild-type,
D106N and R128Q samples, respectively. CD measurements were
performed on a Jasco 1500 spectropolarimeter at 25°C using
a 1 cm cell (Jasco; Type J3) for near UV-CD and 0.1 cm cell
(Jasco; Type J10559) for far-UV CD. The raw data were baseline
subtracted and converted to units of molar ellipticity to cor-
rect for protein concentration differences. Degree of spectral
difference between wild-type and D106N or R128Q muteins was
assessed using a spectral classification technique (TQ Analyst®).
The reported TQ Analyst® similarity match score indicates how
closely the spectrum of each mutant matches that of the wild-
type protein. Highly comparable far-UV CD spectra result in
scores >92.6, whereas highly comparable near-UV CD give TQ
similarity match scores >98.

The RCSB Protein Data Bank was searched for a structure
with high sequence homology to human PRUNEL. Saccharomyces
cerevesiae cytosolic exopolyphosphatase (PPX1) (PDB ID: 2QB7),
with a Blast e-value of 2.3E-19 and 25% sequence identity
(45% similarity), was the best hit. Since the active site residues
were conserved, we did not attempt to generate a PRUNE1
homology model. PPX1 structure (shown in Fig. 2A) was rendered
by exchanging orthologous active site residues: Asp4l to Asn,
Asp127 to Asn, and H149 to GIn. Three bound phosphate moieties
Pr, Pp; and Pgs shown in ball-and-stick, and the two catalytic
metal ions as M1 and M2 as pink spheres.

Animal studies

Prunel™~ mice were generated by replacing exon 2 (ENS-
MUSE00001210512) of the Prunel gene with a p-galactosidase
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(lacZ) reporter cassette using VelociGene technology (29).
Mice carrying the deletion were genotyped by a loss of allele
assay as described previously (30). Targeted, cassette-deleted
heterozygous mice were bred to obtain desired genotypes.
Homozygous and heterozygous knockout mice cohorts derived
from F1 breeding were used for phenotypic evaluation. All
mice used in this study were in a 75% CS57Bl/6NTac, 25%
12956/SvEvTac genetic background, and housed in a pathogen
free environment. Autoclaved water and sterile mouse chow
were provided ad libitum.

Ethics statement

All experimental protocols in mice, including anesthesia, imag-
ing procedures and tissue sampling procedures performed in
this study, were approved by the Regeneron Pharmaceuticals
Inc. Institutional Animal Care and Use Committee (IACUC) under
protocol number 430 and the US Animal Welfare Act.

Anti-PECAM1 staining and imaging

Embryo processing, immunostaining and imaging were per-
formed as described previously (31). Briefly, embryos were
collected at embryonic day (E) 9.5 and fixed for 3 h in
4% paraformaldehyde at 4°C. Prior to staining, endogenous
peroxidase activity was quenched with 3% H,0,. Non-specific
antibody binding was blocked by preincubating embryos in
10% normal goat serum (Vector Labs; S-1000) and 0.5% Bovine
Serum Albumin (Fisher Scientific; BP1600). Embryos were
stained overnight at 4°C with rat anti-PECAM1 antibody at
1:300 dilution (Pharmingen; 553370,). After primary antibody
incubation, embryos were incubated overnight with donkey
anti-rat HRP secondary antibody at 1:1000 dilution (Jackson
ImmunoResearch; 712-036-153) followed by incubation with
488-tyramide reagent at 1:25 dilution made using Dylight 488
NHS ester (Thermo Scientific; 46402). Images were acquired
through optical sectioning with an ApoTome.2 on a ZEISS
Axio Zoom. Extended Depth of Focus images were generated
by Zen software. Imaging was performed using Leica MZFLIII
stereozoom microscope quipped with a 0.5x objective and 1.0x
camera lens, with a zoom between 4.0x and 6.3x. Alternatively,
stained embryos were imaged using OPT as described previously
(31). For OPT, samples were embedded in low melting agarose
and subsequently cleared using a mixture of benzyl alcohol
and benzyl benzoate (1:2 ratio). Sample was rotated stepwise
(with a 0.9° step size) for one revolution, and a GFP1 filtered
autofluorescence view and a Cy3 fluorescence view (captured
using a Cy3 filter) were acquired using Retiga Exi CCD camera.
Reconstruction of all image slices yielded a 3D volumetric
rendering of the specimen as described previously (32).

Statistical analysis

Statistical analyses were conducted using Prism 7 (GraphPad)
software. Unpaired Student’s t-test was used unless indicated
otherwise. Statistical significance reported when P < 0.05. Where
appropriate sample sizes, the statistical test used and signifi-
cance are indicated in each figure legend.

Supplementary Material

Supplementary Material is available at HMG online.
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