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1 | INTRODUCTION

Hypophosphatasia (HPP) is a rare, inherited metabolic disorder caused
by low tissue-nonspecific alkaline phosphatase (ALP) enzyme activity
associated with identifiable loss-of-function variants of the ALPL gene

Lothar Seefried? |
Gabriel Angel Martos-Moreno*
| Shona Fang® |

Kathryn M. Dahir? |
| Anna Petryk® |
Keiichi Ozono”’

| Agnés Linglart®
| Wolfgang Hogler®

Abstract

Hypophosphatasia (HPP) is a rare, inherited metabolic disease characterized by low
tissue-nonspecific alkaline phosphatase activity due to ALPL gene variants. We
describe ALPL variants from the observational, prospective, multinational Global HPP
Registry. Inclusion in the analysis required a diagnosis of HPP, low serum ALP activ-
ity, and 21 ALPL variant. Of 1176 patients enrolled as of September 2022, 814 met
inclusion criteria in Europe (48.9%), North America (36.7%), Japan (10.2%), Australia
(2.6%), and elsewhere (1.6%). Most patients (74.7%) had 1 ALPL variant; 25.3% had
22 variants. Nearly all patients (95.6%) had known disease-causing variants; 4.4%
had variants of uncertain significance. Disease-causing variants were predominantly
missense (770/1556 alleles). The most common variants were ¢.571G>A (102/1628
alleles), c.1250A>G (66/1628 alleles), and c.1559del (61/1628 alleles). Variant pro-
files were generally consistent, except in Japan, where a higher proportion of patients
(68.7%) had 22 ALPL variants, likely because more had disease onset before age
6 months (53.0% vs. 10.1%-23.1% elsewhere). Frameshift mutations (61/164 alleles)
and inframe deletions (7/164 alleles) were more common in Japan. Twenty-three
novel variants were discovered, each in a single geographic region, predominantly
Europe. Analyses confirmed previously known ALPL variants, identified novel vari-
ants, and characterized geographic variation in frequency and type of ALPL variants

in a large population.

KEYWORDS
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(OMIM 171760) (Johns Hopkins University School of Medicine, 2023;
Weiss et al., 1988). Tissue-nonspecific ALP (TNSALP) is a cell-surface
phosphohydrolase expressed in the bone, kidney, and liver (Weiss
et al., 1988). Deficient activity of ALP can lead to extracellular accu-

mulation of its substrates inorganic pyrophosphate (PPi) and pyridoxal
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5’-phosphate (PLP) (Whyte, 2010). The accumulation of PPi can cause
defective mineralization of bones and teeth and pseudogout
(Whyte, 2010; Whyte, 2016). Impaired hydrolysis of PLP can cause
vitamin Bé deficiency in the central nervous system and reduced neu-
rotransmitter synthesis, potentially leading to pyridoxine-responsive
seizures in severely affected infants (Baumgartner-Sigl et al., 2007;
Whyte, 2016). A third TNSALP substrate and biochemical marker for
HPP, phosphoethanolamine (PEA), is elevated in patients with HPP
but has unclear physiologic significance. PEA levels can be obtained
by ordering plasma or urine amino acids testing (Whyte, 2016).

When the most severe form of HPP manifests, generally during
the perinatal and infantile stages of life (before age 6 months), it is
associated with significant mortality, vitamin B6-responsive seizures,
respiratory failure, and failure to thrive (Whyte, 2016). Other manifes-
tations across patients of different ages include premature loss of
deciduous teeth in children, bone deformity, rickets (in children prior
to growth plate closure), osteomalacia, pseudofractures, recurrent and
poorly healing fractures (e.g., metatarsal fractures, atypical femoral
fractures), fatigue, muscle weakness, bone pain, difficulty walking, and
reduced quality of life (Dahir et al., 2022; Dahir et al., 2023; Genest &
Seefried, 2018; Hogler et al., 2019; Rauf et al, 2023; Szabo
et al., 2019).

HPP follows either an autosomal recessive mode of inheritance
with homozygous or compound heterozygous ALPL variants or an
autosomal dominant mode of inheritance with heterozygous, usually
dominant-negative ALPL variants (Hancarova et al., 2015; Linglart &
Biosse-Duplan, 2016; Mornet et al.,, 2021; Taillandier et al., 2018;
Watanabe et al., 2014). However, genotype-phenotype correlation is
poor in HPP. Although HPP that manifests before 6 months of age
may be considered to have less phenotypic variability than HPP that
manifests after 6 months of age, some variability in disease signs and
symptoms was reported in the Mennonite perinatal/infantile HPP
population (Leung et al., 2013). Furthermore, prenatal benign HPP,
which is characterized by prenatal findings suggestive of severe bone
dysplasia but a benign postnatal course, can have autosomal dominant
inheritance with apparent maternal bias of transmission (Moore
et al., 1999; Pauli et al., 1999). Phenotypic variability is broader in
pediatric and adult populations, both within and between families,
most often with dominant variants but with autosomal recessive vari-
ants as well (Henthorn et al,, 1992; Hofmann et al., 2014; Kato
et al., 2020; Mornet, 2018). Thus, other genetic factors, as well as
environmental and epigenetic factors, likely contribute to the varying
clinical manifestations of HPP (Hofmann et al., 2014; Mornet
et al., 2021).

Genetic testing is not mandatory at the perinatal/infantile end of
the HPP disease spectrum because of the severity of the signs and
symptoms. However, sequencing of the ALPL gene (chromosome
1p36.1-p34) is recommended for definitive diagnosis (Bianchi, 2015;
Michigami, Ohata, et al., 2020; Simon et al., 2018). To date, more than
440 ALPL variants (including missense, nonsense, splice site, and
frameshift deletions and insertions) have been described in the
Johannes Kepler University (JKU) ALPL Gene Variant Database
(Farman et al., 2024; JKU Faculty of Medicine, 2024). A variety of

sequencing techniques have been used to detect these variants,
including single-gene, panel, targeted, whole-exome, and whole-
genome sequencing (De Sousa et al., 2018; Kishnani et al., 2017,
Taillandier et al., 2015). However, ALPL variants may not always be
detected by standard sequencing techniques, although they do cap-
ture an estimated 95% of the variants in patients with HPP (Mornet
et al., 2014). False-negative genetic results may occur in cases of
intronic mutations or deletions/duplications or for other reasons,
including the type of test used (De Sousa et al., 2018). Additionally,
variants of uncertain significance (VUS) may go unreported by some
laboratories (Beck et al., 2023). Given insufficient evidence for a VUS
to be causative of HPP, additional assessment through variant reclas-
sification of the VUS is warranted and can be performed through the
ALPL Gene Variant Consortium, with all variants, genotypes, and phe-
notypes displayed in the JKU ALPL Gene Variant Database (Farman
et al., 2024; JKU Faculty of Medicine, 2024). Ultimately, a negative
ALPL genetic test result thus does not rule out HPP, although careful
phenotyping and assessment of biomarkers are essential to exclude a
multitude of other possible causes of low ALP activity (Beck
et al., 2023; Riancho-Zarrabeitia et al., 2016; Saraff et al., 2016). HPP
is a clinical diagnosis for which genotyping is not required to confirm
(Khan et al., 2019; Khan et al., 2024).

The Global HPP Registry, the largest observational study of
patients with HPP to date, was designed to collect data about the nat-
ural history of HPP and the long-term effectiveness and safety of
treatment with asfotase alfa (Hogler et al, 2019; Seefried
et al, 2020). Genetic data are also being collected in the registry,
allowing for the characterization of the range of ALPL variants associ-
ated with HPP and their geographic distribution. The current investi-
gation is a foundational report and the first of a series of planned
analyses of ALPL variant data from the Global HPP Registry. While
future reports will focus on genotype-phenotype correlations, the
present analysis focuses on the geographic distribution and frequen-

cies of ALPL variants, including the novel, not yet reported variants.

2 | METHODS

2.1 | Editorial policies and ethical considerations

The study protocol for the Global HPP Registry was approved by the
institutional review board (or local equivalent) of participating study
sites. Data collection and analysis was conducted in accordance with
International Conference on Harmonisation Good Clinical Practice
Guidelines and the Declaration of Helsinki. All participants provided

written informed consent prior to enrollment.

2.2 | Study design

The Global HPP Registry is an observational, prospective, multina-
tional study (NCT02306720; EUPAS13514) initiated in 2014 to
record data from patients diagnosed with HPP regardless of asfotase
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alfa treatment status (Hogler et al., 2019). Study design and data col-
lection have been described (Dahir et al., 2022; Dahir et al., 2023;
Hogler et al., 2019; Seefried et al., 2020). Registry data used in these

analyses were collected from initiation through September 5, 2022.

2.3 | Patient eligibility

Patients of any age meeting the following criteria related to data
reported to the Global HPP Registry were eligible for inclusion: diag-
nosis of HPP, documented registry enrollment date, serum ALP
activity lower than the age- and sex-adjusted reference range, and
genetic testing results reporting any ALPL variant designated as
disease-causing or as a VUS. Variants were designated as disease-
causing by submitters to the Global HPP Registry if they met the cri-
teria for a pathogenic (P) or likely pathogenic (LP) classification under
the American College of Medical Genetics and Genomics (ACMG)
guidelines (Richards et al., 2015).

2.4 | Data collection and classification

All ALPL variants reported in the registry were reviewed, and ambigu-
ous or incomplete data were clarified through requests to individual
sites and consultations with expert geneticists. Most variant classifica-
tions were taken directly from the Global HPP Registry entries. How-
ever, the registry contained conflicting submissions and infrequent
missing entries, which were resolved by referencing the VarSome and
ClinVar databases and the ALPL Gene Variant Database. In cases
where variant classifications conflicted between registry entries, vari-
ants were categorized according to the ACMG classification reported
in these databases; if there was no conflict, the original registry sub-
mission classification was used. If there was a conflict between Var-
Some, ClinVar and the ALPL Gene Variant Database, the classification
reported in the majority of databases was used. Resolution of the
pathogenicity classifications of conflicting registry submissions is sum-
marized in Table S1.

Benign (B) and likely benign (LB) variants were not
considered in the current analysis. Variants were categorized as
novel if they differed from all existing variants on the canonical
ALPL transcript reported in Ensembl's supporting databases
(including gnomAD and ClinVar), HGMD Pro, and ALPL Gene Vari-
ant Database. Functional effects of all variants were predicted
using Ensembl Variant Effect Predictor with respect to the canoni-
cal ALPL transcript (ENSTO0000374840.8). The mode of inheri-
tance in patients with two different ALPL variants was classified as
putative compound heterozygous because inheritance in trans
could not be established with parental studies and after attempts
to confirm they were not haplotypes. Frequently recurrent variant
pairs were evaluated for their presence as frequent haplotypes in
the large-scale biomedical database and research resource UK
Biobank. Perinatal/infantile HPP was defined as disease onset at

age <6 months.

AMERl.[:AN JUURNAL.UF 3 f14
medical genetics BN—W I LEY-_L 2

Enrolled in the Global HPP Registry
N=1176°

Did not meet inclusion criteria, n = 362°
Genetic testing not done, n = 184 (50.8%)°¢
ALP not available, n = 174 (48.1%)

No ALPL variant found, n = 41 (11.3%)
Alternative diagnosis, n =6 (1.7%)
Only ambiguous results, n = 3 (0.8%)

v

v

Met inclusion criteria
n=2814

FIGURE 1 Flow chart of patient enrollment and reasons for
exclusion from the analysis population. °Number of patients enrolled
as of September 5, 2022. PPatients may have had multiple reasons for
being excluded from study population. “Includes 21 patients with
genetic testing done without available results. “Includes 20 patients
with perinatal/infantile-onset HPP, 92 patients with juvenile-onset
HPP, 19 patients with pediatric-onset HPP of unknown subtype,

39 patients with adult-onset HPP, and 14 patients with unknown
classification.

TABLE 1 Demographic characteristics.

Patients N = 814

Age at diagnosis of HPP, y n =740
Median (IQR) 13.7 (2.5-43.5)
Sex, n (%) n=2814
Female 520 (63.9)
Race, n (%) n=2814
White 585 (71.9)
Asian 99 (12.2)
Native Hawaiian or other Pacific Islander 2(0.2)
Native American or Alaska Native 1(0.1)
Black or African American 1(0.1)
Other/multiple 21 (2.6)
Unknown 105 (12.9)
Ethnicity, n (%) n =814
Not Hispanic or Latino 628 (77.1)
Hispanic or Latino 29 (3.6)
Unknown 157 (19.3)
Geographic region, n (%) n=2814
Europe® 398 (48.9)
North America® 299 (36.7)
Japan 83(10.2)
Australia 21(2.6)
Other* 13 (1.6)

Abbreviations: HPP, hypophosphatasia; IQR, interquartile range.

2Includes Austria, Belgium, France, Germany, Greece, Ireland, Italy, Poland,
Portugal, Spain, and United Kingdom.

PIncludes Canada and United States.

“Includes Israel, Russia, Saudi Arabia, Taiwan, and Turkey.
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2.5 | Data analysis

Baseline demographics were summarized for the population analyzed.
Genetic data, including the number of variants identified, genotype
frequency, and variant allele frequency (VAF), were summarized by
geographic regions of North America (including Canada and
United States), Europe (including Austria, Belgium, France, Germany,
Greece, Ireland, ltaly, Poland, Portugal, Spain, and United Kingdom),
Japan, Australia, and other regions (including Israel, Russia,
Saudi Arabia, Taiwan, and Turkey). The VAF of any given ALPL allele i
was defined as:

VAF,; = 7nAC"

2 AG
j

where AC; = count of ALPL allele i, AC; = count of allele i, and n = the
set of all alleles at the locus (including the reference allele, such that
the denominator was equivalent to twice the number of patients).
Known and novel variants are presented with their pathogenicity,

functional type, and effects.

3 | RESULTS
3.1 | Study population

Of 1176 patients enrolled in the Global HPP Registry, 814 met inclu-
sion criteria (Figure 1). Among the 814 patients, 63.9% were female

and 71.9% were White (Table 1). Patients were from Europe (48.9%),
North America (36.7%), Japan (10.2%), Australia (2.6%), and other
regions (1.6%). A majority (68.6%) of the population had HPP onset at
age 26 months, ranging from 43.4% to 76.9% across regions (Table 2).
The frequency of perinatal/infantile HPP was 53.0% in Japan com-
pared with 10.1%-23.1% outside of Japan. In the study population,
41.0% of patients were ever treated with asfotase alfa enzyme
replacement therapy.

Among 797 patients with available data on the gene sequencing
method used, 399 (50.1%) had single-gene sequencing, 108 (13.6%)
had targeted sequencing, 51 (6.4%) had whole-exome sequencing,
and 33 (4.1%) had panel sequencing; the sequencing method was
unknown or other for the remaining 206 patients (25.9%).

3.2 | ALPL genotypes in the overall population

In total, 1021 variant ALPL alleles representing 252 unique sequence
variants were identified in 814 patients. The distribution of ALPL vari-
ants is shown across the gene sequence in Figure 2a and across the
TNSALP protein structure in Figure 2b; no hot spots were apparent in
reference to previously described TNSALP protein domains (Silvent
et al,, 2014; Yu et al., 2023); domain ranges are provided in Table S2.
Three quarters of patients (74.7% [608/814]) had a single ALPL vari-
ant, 25.2% (205/814) had two variants, and 0.1% (1/814) had three
variants (Table 2). Among patients with a single ALPL variant, 164 had
a variant that exerts a dominant-negative effect according to in vitro
testing (del Angel et al., 2020) (e.g., c.1250A>G; 4.7% of patients) and
227 had a variant with no dominant-negative effect (eg, c.571G>A,;

TABLE 2 Age of HPP onset and type of ALPL variant by geographic region.

All Europe®
N =814 n =398
Age of HPP onset, n (%)
<6 months 122 (15.0) 40(10.1)
>6 months 558 (68.6) 276 (69.3)
Unknown/unspecified 134 (16.5) 82 (20.6)
Number of ALPL variants, n (%)
1 608 (74.7) 301 (75.6)
224 206 (25.3) 97 (24.4)
Variant type, n (%)
Disease-causing (P or LP)® 778 (95.6) 382 (96.0)
VUS only 36 (4.4) 16 (4.0)
21 VUS, n (%) 51(6.3) 22 (5.5)
Allele count/total alleles (VAF %)
Disease-causing alleles 965/1628 (59.3) 470/796 (59.0)
VUS alleles 56/1628 (3.4) 26/796 (3.3)

North America® Japan Australia Other®
n =299 n=83 n=21 n=13
32(10.7) 44 (53.0) 3(14.3) 3(23.1)
220 (73.6) 36 (43.4) 16 (76.2) 10(76.9)
47 (15.7) 3(3.6) 2(9.5) 0
253 (84.6) 26 (31.3) 18 (85.7) 10(76.9)
46 (15.4) 57 (68.7) 3(14.3) 3(23.1)
285 (95.3) 82 (98.8) 20(95.2) 9(69.2)
14 (4.7) 1(1.2) 1(4.8) 4(30.8)
21(7.0) 3(3.6) 1(4.8) 4(30.8)
324/598 (54.2) 136/166 (81.9) 23/42 (54.8) 12/26 (46.2)
21/598 (3.5) 4/166 (2.4) 1/42 (2.4) 4/26 (15.4)

Abbreviations: HPP, hypophosphatasia; LP, likely pathogenic; P, pathogenic; VAF, variant allele frequency; VUS, variant of uncertain significance.
Includes Austria, Belgium, France, Germany, Greece, Ireland, Italy, Poland, Portugal, Spain, and United Kingdom.

PIncludes Canada and United States.

Includes Israel, Russia, Saudi Arabia, Taiwan, and Turkey.

90ne patient had 3 ALPL variants, and 204 patients had 2 ALPL variants.
®Some patients with disease-causing variants also had VUS.
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3.0% of patients). The remaining 217 patients had a variant without
dominant-negative testing results. The presence of three variants in
one patient indicates that at least two of these variants were located
on the same allele, although phasing data were unavailable to evaluate
which variants were in cis. Multiple ALPL variants occurred more

frequently in patients with disease onset at age <6 months (72.1%
[88/122]) than in those with disease onset at age =6 months or
unknown (17.2% [96/558]; chi-square p < 0.0001; Figure 3). Among
206 patients in whom two or more variants were identified,

173 (84.0%) had putative compound heterozygous variants and

(a)
100 A c.571G>A Sequence type
Coding
= 801 ¢.1559del  Non-coding
3 c.1250A>G
o 60 Domains
o
S 65 1GoA c.1001G>A Active site
I 401 ¢.048+1G> cA133A5T M Homodimer interface
c.407G>A ' [ Oligomer interface
204 H Calcium site
¢ Crown domain
M Other
0.

° o ° ° LN ) °
e s I R TN e
0

500 1000 1500 2000
5' 1 1 1 1 | 3
CDS position (bp)
Active
(b)
Calcium
site
Other
Homodimer

Variant class

M LPorP
M LP/P and VUS Oligomer
W vUs interface

M No variant /
A

FIGURE 2 Legend on next page.
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Active site
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HPP onset: age <6 months (n = 122)

1 variant,
n =34,
27.9%

1 variant,
n =462,
82.8%

33 (16.0%) had homozygous variants. Patients with HPP onset at age
<6 months had a higher proportion of compound heterozygous
(69/122 [56.6%]) and a similar proportion of homozygous (19/122
[15.6%)]) variants compared with patients with a later or unspecified
age of disease onset (compound heterozygous: 83/558 [14.9%];
homozygous: 13/558 [2.3%]).

Most patients (778 [95.6%]) had at least one disease-causing
(P or LP) variant, whereas 36 patients (4.4%) had only VUS (Table 2).
The most common disease-causing variants were missense (770/1556
alleles) and frameshift variants (88/1556 alleles) (Figure 4a). Most
VUS were missense (45/102 alleles).

Heterozygous genotypes that were observed in 23% of
patients globally were c.1250A>G (7.0%), c.571G>A (4.4%), and
c.1133A>T (3.9%; Table 3). The two most frequent homozygous
genotypes were c¢.1559del/c.1559del (1.4%) and c.571G>A/
c.571G>A (0.6%). A total of 123 unique pairs of putative compound
heterozygous variants (including pairs with large deletions) were
reported, 25 of which were reported two or more times. Only one
of these recurring pairs (c.571G>A/c.881A>C) was found in the UK
Biobank (UK Biobank, 2023), but the frequency of this pair was too
low to support the presence of a haplotype (D' = 0.006). The
two most frequent putative compound heterozygous genotypes
were ¢.1001G>A/c.571G>A (13 patients [1.6%]) and c.1559del/
c.979T>C (9 patients [1.1%]).

HPP onset: age 26 months (n = 558)

FIGURE 3 ALPL variant count by
age of disease onset in the overall
population.

\ )
3 variants,

Globally, the three most common disease-causing variants were
c¢.571G>A (VAF: 6.3% [102/1628 alleles]), c.1250A>G (4.1%
[66/1628 alleles]), and c.1559del (3.7% [61/1628 alleles]; Table 4).
The most common VUS were ¢.715G>T (0.5% [8/1628 alleles]) and
c.1156G>T (0.2% [4/1628 alleles]). A total of 23 unique novel ALPL

variants were identified in 30 patients (30 alleles; Table 5).

3.3 | Regional variation in ALPL genotype
Consistent with the overall population, most patients in each geo-
graphic region had a single ALPL variant (ranging from 76.9% [10/13]
in the group named “other regions” to 85.7% [18/21] in Australia),
except in Japan, where only 31.3% (26/83) of patients had a single
ALPL variant and 68.7% (57/83) had two or more ALPL variants
(Table 2). In general, patients with two or more variants were most
commonly putatively compound heterozygous in each region: Europe
(88.7% [86/97]), North America (89.1% [41/46]), Japan (75.4%
[43/57]), and Australia (66.7% [2/3]). At least 95% of patients in
Europe, North America, Australia, and Japan had known disease-
causing variants; the proportion of patients with only VUS ranged
from 1.2% (1/83) in Japan to 4.8% (1/21) in Australia (Table 2).
Predicted effects of disease-causing variants were generally

consistent across regions outside of Japan, with missense variants

FIGURE 2 Distribution of ALPL variant alleles (a) across the ALPL gene and (b) mapped to functional domains of the TNSALP protein. In
panel A, the count of variant alleles is shown relative to the exons of the ALPL gene. Regions of coding sequence are colored according to the
protein domains they encode (note that some domain regions covering only several base pairs are expanded for visualization). Missense variants
encountered in many individuals with HPP can occur near critical domains, such as the active site (c.1001G>A, c.1133A>T) or crown domain
(c.1250A>G). However, some frequently encountered variants are also found in less well-characterized regions that may be important to protein
folding (c.571G>A, c.407G>A). Protein truncating variants may occur anywhere in coding sequence (c.155%9del) or in non-coding sequence near
splice sites (c.648+1G>A). In panel B, the 3-dimensional structure of TNSALP (Yu et al., 2023) is shown with amino acid residues colored
according to their domain membership for 1 member of the pair. Variants encountered in the Global HPP Registry are shown as spheres on the
structure, colored according to their pathogenicity class. The pie charts show the proportions of residues within each domain falling into each
pathogenicity class. The gray “no variant” category represents amino acids for which no variants were reported to the Global HPP Registry. Some
residues featured multiple variants falling into different classes, which are represented as a distinct category. Note that the current structure now
predicts an oligomerization interface, where 4 dimers interact to form an octamer (not shown) (Yu et al., 2023). bp, base pair; CDS, coding
sequence; HPP, hypophosphastasia; LP, likely pathogenic; P, pathogenic; TNSALP, tissue-nonspecific alkaline phosphatase; VUS, variant of

uncertain significance.
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(a)
All regions (n = 778; 1556 alleles)

Wild type, 591

Frameshift, 88
‘/
\‘ Inframe deletion, 23
\\ Stop gained, 21
_~ Splice donor, 19
\ N pl

Inframe insertion, 15

Missense, 770 Protein altering, 14
Missense, splice region, 9
Splice acceptor, 6

(c)

North America (n = 285;570 alleles)

Wild type, 246

Frameshift, 10
Inframe deletion, 6
Stop gained, 8
Splice donor, 10
Inframe insertion, 2
Protein altering, 2
Splice acceptor, 1

—
Missense, 285 \

(e)

Australia (n = 20; 40 alleles)

__— Missence, splice region, 1
// Protein altering, 1

FIGURE 4

medical genetics BN WILEY-_L7%
(b)

Europe (n = 382; 764 alleles)

Wild type, 294

/ Frameshift, 17

~——— Inframe deletion, 10

\ Inframe insertion, 13
\ Protein altering, 10
\ Missense, splice region, 7

Splice acceptor, 3

Missense, 389

(d)

Japan (n = 82;164 alleles)

Frameshift, 16

_— Inframe deletion, 7

- —Proteinaltering, 1
———————
~ Missense, splice region, 1

Wild type, 28

Missense, 66

()

Other regions (n = 9;18 alleles)

Wild type, 6

< Stop gained, 1

——— Splice acceptor, 2

Effects of disease-causing ALPL variants by geographic region. Values shown are number of alleles among patients with disease-

causing variants in (a) all geographic regions, (b) Europe, (c) North America, (d) Japan, (e) Australia, and (f) other regions. Specific consequences for
large deletions and duplications were unavailable owing to missing break points, and thus large deletions and duplications were categorized as

protein-altering variants.

identified in 50.9% of alleles (389/764) in Europe to 52.5% (21/40)
in Australia, frameshift variants identified in up to 2.2% of alleles
(17/764) in Europe, and inframe deletions identified in up to 1.3%
of alleles (10/764) in Europe (Figure 4b-f). The Japanese

population had a lower proportion of missense alleles (40.2%
[66/164]) and a higher proportion of frameshift (37.2% [61/164])
or inframe deletions (4.3% [7/164]) compared with all other regions
(Figure 4d).
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TABLE 3 Most frequent ALPL genotypes by geographic region.
All Europe?® North America®  Japan Australia Other®

Genotype, n (%) of patients n=814 n= 398 n=299 n=83 n=21 n=13

Heterozygous genotypes reported in 22.0% of patients in any region and >1 patient overall
c.1250A>G 57(7.0) 10 (2.5) 38(12.7) 0 9(42.9) 0
c.571G>A 36 (4.4) 18 (4.5) 15(5.0) 0 0 3(23.1)
c.1133A>T 32(3.9) 2(0.5) 30 (10.0) 0 0 0
c.1001G>A 19 (2.3) 9(2.3) 10(3.3) 0 0 0
¢.550C>T 18(2.2) 9(2.3) 4(1.3) 5(6.0) 0 0
c.346G>A 16 (2.0) 6(1.5) 10(3.3) 0 0 0
c407G>A 16 (2.0) 12(3.0) 3(1.0) 1(1.2) 0 0
c.881A>C 14 (1.7) 4(1.0 9(3.0) 0 1(4.8) 0
c.1559del 11(1.4) 0 0 11(13.3) 0 0
c.212G>A 10(1.2) 5(1.3) 4(1.3) 0 1(4.8) 0
€.343_348dup 8(1.0) 8(2.0) 0 0 0 0
c.1426G>A 8(1.0) 6(1.5) 1(0.3) 0 1(4.8) 0
c.526G>A 8(1.0) 3(0.8) 4(1.3) 0 1(4.8) 0
c.575T>C 8(1.0) 1(0.3) 7(2.3) 0 0 0
c.1144G>A 6(0.7) 1(0.3) 3(1.0) 2(24) 0 0
c.1283G>A 6(0.7) 3(0.8) 1(0.3) 0 2(9.5) 0
c.871G>A 4(0.5) 3(0.8) 0 0 0 1(7.7)
c.984_986del 4(0.5) 1(0.3) 1(0.3) 2(24) 0 0
c.203C>T 3(04) 2(0.5) 0 0 1(4.8) 0
€.299C>T 2(0.2) 1(0.3) 0 0 1(4.8) 0
€.298-1G>C 2(0.2) 0 0 0 0 2(15.4)

Putative compound heterozygous® genotypes reported in >1 patient
¢.1001G>A/c.571G>A 13(1.6) 7(1.8) 6(2.0) 0 0 0
¢.1559del/c.979T>C 9(1.1) 0 0 9(10.8) 0 0
¢.1250A>G/c.571G>A 4(0.5) 3(0.8) 1(0.3) 0 0 0
¢.1130C>T/c.1559del 3(0.4) 0 0 3(3.6) 0 0
c.346G>A/c.571G>A 3(0.4) 1(0.3) 2(0.7) 0 0 0
c.407G>A/c.512A>G 3(0.4) 3(0.8) 0 0 0 0
c.526G>A/c.648+1G>A 3(0.4) 2(0.5) 1(0.3) 0 0 0
Deletion of exon 12 (3’ part)/ 2(0.2) 2(0.5) 0 0 0 0
C.648+1G>A
c.1024_1025delGAinsTT/c.1195G>T 2(0.2) 0 2(0.7) 0 0 0
¢.1130C>T/c.571G>A 2(0.2) 2 (0.5) 0 0 0 0
c.113_116del/c.118dup 2(0.2) 2(0.5) 0 0 0 0
c.1144G>A/c.529G>A 2(0.2) 0 0 2(2.4) 0 0
c1171C>T/c.571G>A 2(0.2) 2 (0.5) 0 0 0 0
¢.1183A>G/c.155%del 2(0.2) 0 0 2(2.4) 0 0
c.1318_1320del/c.571G>A 2(0.2) 1(0.3) 1(0.3) 0 0 0
¢.1348C>T/c.1559del 2(0.2) 0 0 2(2.4) 0 0
c.1559del/c.407G>A 2(0.2) 0 0 2(2.4) 0 0
c.1559del/c.572A>G 2(0.2) 0 0 2(24) 0 0
¢.211C>T/c.571G>A 2(0.2) 2(0.5) 0 0 0 0
€.227A>G/c.571G>A 2(0.2) 2(0.5) 0 0 0 0
c.406C>T/c.979T>C 2(0.2) 0 0 2(2.4) 0 0
¢.500C>T/c.571G>A 2(0.2) 2(0.5) 0 0 0 0
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TABLE 3 (Continued)
All Europe?®
Genotype, n (%) of patients n=814 n= 398
¢.550C>T/c.571G>A 2(0.2) 0
c.571G>A/c.881A>C 2(0.2) 1(0.3)
Homozygous genotypes reported in >1 patient
c.1559del/c.155%9del 11(1.4) 0
¢.571G>A/c.571G>A 5(0.6) 2(0.5)
¢.715G>T/c.715G>T 3(0.4) 3(0.8)
€.293C>T/c.293C>T 2(0.2) 0

AMERl.[:AN JUURNAL.UF 9 f14
medical genetics BN—W I LEY-_L 2

North America®  Japan Australia Other®
n =299 n =283 n=21 n=13
2(0.7) 0 0 0
1(0.3) 0 0 0
0 11(13.3) 0
3(1.0) 0 0
0 0 0
0 0 0 2(15.4)

2Includes Austria, Belgium, France, Germany, Greece, Ireland, Italy, Poland, Portugal, Spain, and United Kingdom.

BIncludes Canada and United States.
“Includes Israel, Russia, Saudi Arabia, Taiwan, and Turkey.

dRefers to presence of 22 variants; this analysis did not differentiate whether variants were on 1 or 2 alleles.

The most common variant overall, c.571G>A, was in the top four
most frequent variants in Europe, North America, and other regions,
and the second most common variant overall, c.1250A>G, was in the
top four in Europe, North America, and Australia (Table 4). The vari-
ants c.1250A>G and c.1133A>T were more common in North
America (7.0% [42/598 alleles] and 5.4% [32/598 alleles], respec-
tively) than in Europe (1.9% [15/796 alleles] and 0.3% [2/796 alleles],
respectively). Several common variants (e.g., c.571G>A, c.1250A>G,
¢.1001G>A, c.1133A>T) were not reported in the Japanese popula-
tion (Table 4). By contrast, the most common variants in Japan,
c.155%9del (36.7% [61/166 alleles]) and c.979T>C (10.2% [17/166
alleles]), were reported exclusively in Japan, where 75.0% (33/44) of
patients with perinatal/infantile-onset HPP had c.1559del compared
with 43.6% (17/39) of patients with HPP onset after age 6 months or
with an unspecified age of onset.

The prevalence of VUS differed between geographic regions
(Table 4), with c¢.715G>T reported only in Europe and c.1156G>T and
c.1034C>T reported only in North America and none of these
reported in Japan.

Of the 23 unique novel variants (Table S3), 14 (60.9%) were
reported in Europe, 6 (26.1%) in North America, and 3 (13.0%) in
Japan (Table 5). Each novel variant was reported only in a single geo-
graphic region. Most patients with novel variants were White/
Caucasian (70% [21/30 patients]); 20.0% [6/30] were Asian, and
10.0% [3/30] had unreported race.

4 | DISCUSSION

We describe the genetic characteristics of a global cohort of
814 patients with HPP enrolled in the Global HPP Registry since its
establishment in 2014. A total of 252 unique ALPL variants were iden-
tified in the population analyzed. Three quarters of the patients had a
single ALPL variant, and 25% had two ALPL variants. Nearly all variant
alleles were previously reported disease-causing variants, and most
were missense, a finding that aligns with the set of known variants
(JKU Faculty of Medicine, 2024).

Variant number per patient, predicted functional consequences,
and allele frequencies varied slightly between Europe and North
America and were remarkably distinct in Japan. The three most fre-
quent variants have been previously linked to founder effects in the
European (c.571G>A and c.1250A>G) and Japanese (c.155%9del) popu-
lations (Michigami et al., 2005; Taketani et al., 2014). Geographic vari-
ation was also observed in the most prevalent VUS, with c.1156G>T
and ¢.1034C>T reported exclusively in North America, ¢.715G>T
reported only in Europe, and none of these three variants reported in
Japan.

Globally, patients with disease onset at age <6 months were more
likely to have two or more ALPL variants than those with later HPP
onset, although compound heterozygosity could not be verified in
patients with multiple variants because of limitations in data collec-
tion. Frequently observed variant pairs in populations in Europe
(c.1001G>A/c.571G>A) and Japan (c.1559del/c.979T>C) have been
previously associated with high phenotypic variability (Hofmann
et al., 2014; Michigami, Tachikawa, et al., 2020). Additionally, 23 novel
variants were discovered in the Global HPP Registry in the current
analysis, with most reported only in Europe.

The relative frequencies and geographic distribution of disease-
causing variants in the Global HPP Registry are broadly consistent with
those observed in large population databases. The most frequent path-
ogenic variants found among registry cases in Europe (c.571G>A and
¢.1250A>G) and Japan (c.1559del) are also frequently found in gno-
mAD in European and East Asian populations, as well as other clinical
databases such as ClinVar and the ALPL Gene Variant Database
(Farman et al., 2024; Karczewski et al., 2019; Karczewski et al., 2020).
As expected, the Global HPP Registry has a higher proportion of these
frequent disease-causing variants relative to the general population.
For example, the variants c.571G>A and c.1250A>G are 78 times (7.4%
vs 0.095%) and 475 times (1.9% vs. 0.004%) more prevalent, respec-
tively, among Europeans in the Global HPP Registry than in gnomAD
4.0 among non-Finnish European individuals. Monoallelic cases show
greater enrichment for variants with evidence of dominant-negative
effects, such as c.1250A>G (408 times more prevalent; 1.7%
vs. 0.004% in Europeans) and ¢.1001G>A (8312 times more prevalent;
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TABLE 4 Most frequent P/LP and VUS alleles by geographic region.

Allele count
(VAF %)?

Alln =814
patients, 1628
alleles

Europe® n = 398
patients, 796
alleles

North America“
n = 299 patients, 598
alleles

P/LP variants reported in 22.0% of alleles in any region and >1 patient overall

c.571G>A
c.1250A>G
c.1559del
c.1001G>A
c.1133A>T
c.407G>A
c.526G>A
¢.550C>T
c.346G>A
c.881A>C
c.648+1G>A
c.979T>C
c1171C>T
c.212G>A
€.984_986del
¢.343_348dup
c.1144G>A
c.1426G>A
c.318G>C
c.1283G>A
c.871G>A
c.293C>T
¢.203C>T

Deletion of
exon 9 (3'
part)

c.299C>T
¢.303C>A
c.298-1G>C

102 (6.3

11(0.7
11 (0.7,
10 (0.6,
10(0.6

3(0.2)
3(0.2)
2(0.1)

VUS reported in >1 patient overall

c.715G>T
c.1156G>T
c.1034C>T
c.818C>T
¢.1573T>C
c.262G>A
c.436G>A

8(0.5)
4(0.2)
3(0.2)
3(0.2)
2(0.1)
2(0.1)
2(0.1)

59 (7.4)
15(1.9)

2(0.3)

2(0.3)
1(0.1)

(1.0)

(0.3)
0.3)

8
0
0
0

2

2

1(0.1)

39 (6.5)
42(7.0)

1(0.2)

4(0.7)
3(0.5)
2(0.3)
0
0
1(0.2)

Japann = 83
patients, 166
alleles

o

oo Yo ® o o P oo
=
x

(36.7)

&
n

0
17 (10.2)
1(0.6)
0
5(3.0)
0
4(2.4)
0

o O O O O o

o

o O O O O o o

Australian = 21
patients, 42
alleles

0
9(21.4)

1(2.4)
1(2.4)
2(4.8)

1(2.4)
1(2.4)

1(2.4)

O O O O O o o

Abbreviations: LP, likely pathogenic; P, pathogenic; VAF, variant allele frequency; VUS, variant of uncertain significance.
?Allele count is defined as the number of alleles on which the variant was observed, and % indicates the percentage of all alleles (2x no. of patients) with

the indicated variant.

®Includes Austria, Belgium, France, Germany, Greece, Ireland, Italy, Poland, Portugal, Spain, and United Kingdom.

“Includes Canada and United States.
YIncludes Israel, Russia, Saudi Arabia, Taiwan, and Turkey.

Otherdn = 13
patients, 26
alleles

1(3.8)
2(7.7)

3.8)

© o o & o o o
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TABLE 5 Novel ALPL variants by geographic region.
All Europe?®
n=2814 n =398
Patients with novel variants, 30(3.7) 18 (4.5)
n (%)
No. of novel variant alleles 30 18
No. of unique novel variants 23 14

Unique novel variants, n (% of total unique novel variants)

c.1018C>T 3(13.0) 3(21.4)
c.1327G>T 3(13.0) 0
€.1024_1025delGAinsTT 2(8.7) 0
¢.1033G>C 2(8.7) 2(14.3)
c.118dup 2(8.7) 2(14.3)
c.1043C>A 1(4.3) 0
c.1156G>C 1(4.3) 1(7.1)
¢.1207A>C 1(4.3) 1(7.2)
c.1213A>C 1(4.3) 0
c.1252G>A 1(4.3) 1(7.1)
c.1356G>A 1(4.3) 0
c.1356G>T 1(4.3) 1(7.1)
c.1451T>C 1(4.3) 1(7.1)
¢.1482_1532del 1(4.3) 0
€.1491_1492del 1(4.3) 1(7.1)
c.182-1G>A 1(4.3) 1(7.1)
c.206C>T 1(4.3) 1(7.2)
¢.304_312dup 1(4.3) 0
c.364_365del 1(4.3) 0
¢.380C>T 1(4.3) 1(7.2)
c.560A>G 1(4.3) 1(7.1)
c.955A>T 1(4.3) 1(7.2)
c.981C>G 1(4.3) 0
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North America® Japan Australia Other©
n =299 n=83 n=21 n=13

9(3.0) 3(3.6) 0 0

0
3(50.0)
2(33.3)
0

o

(16.7)

(16.7)

(33.3)

(33.3)

O O O O © O © O » O O ¥

1(16.7)
1(16.7)
0

O O O O O O O O O 0O O 0O O oo o oo o o o o o
O O O O O O O O O 0O O 0O O 0O o o oo o o o o o

0
0
0
0
0
0
0
0
0
0
1
0
0
1
0
0
0
0
0
0
0
0
1

0
0
0 (33.3)

2Includes Austria, Belgium, France, Germany, Greece, Ireland, Italy, Poland, Portugal, Spain, and United Kingdom.

BIncludes Canada and United States.
Includes Israel, Russia, Saudi Arabia, Taiwan, and Turkey.

1.5% vs. 0.00018% in Europeans), than for non-dominant-negative var-
iants, such as ¢.571G>A (32 times more prevalent; 3.0% vs. 0.095% in
Europeans). This suggests a comparatively low penetrance of non-
dominant-negative variants such as c.571G>A in the monoallelic, het-
erozygous state. However, it should be noted that variants without
dominant-negative effects constituted a substantial fraction of monoal-
lelic cases in the registry. Of 608 monoallelic patients, 164 had variants
with documented dominant-negative effects (del Angel et al., 2020),
227 had variants without dominant-negative effects, and the remaining
217 had untested variants. The unknown penetrance and spectrum of
disease among individuals heterozygous for disease-causing variants
remain important issues that future studies of registry genotype-
phenotype correlation may help to resolve.

Notably, prevalent variants of uncertain significance in the Global

HPP Registry also showed substantial enrichment over population

databases. The most common VUS in Europe, c.715G>T (5 patients,
8 alleles) was found in 1% of European registry patients but was not
found in 556,005 non-Finnish Europeans in gnomAD 4.0. This variant
has conflicting results for its functional activity but was previously
described in an asymptomatic, homozygous child with a typical bio-
chemical HPP signature (Saraff et al., 2016; Uday et al., 2019). The
ALPL Gene Variant Consortium is currently performing in-depth inves-
tigation of this and other recurrent VUS for potential reclassification
(Farman et al., 2024).

While our results improve the understanding of HPP molecular
pathology, this study has some limitations. ALPL variant classifications
are continuously being updated as new information emerges, as are
the Global HPP Registry data. Data reported to the registry after the
cutoff date for this analysis (September 2022) were not included.
The nature of registry data and the process of resolving conflicting
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data entries inevitably lead to a lag between data cutoff dates and
publication. An additional limitation is the lack of standardization in
the method of gene sequencing for reported data, which reflects real-
world practice; half the patients underwent single-gene sequencing,
and the remainder underwent targeted, whole-exome, or panel
sequencing or did not have a method specified. Not all sequencing
methods have equivalent sensitivity to detect ALPL variants (Kishnani
et al,, 2017), and therefore some gene variants may have gone unde-
tected. In addition, some haplotypes may have been interpreted as
independent alleles, owing to the absence of parental segregation
data. Our process for resolving conflicting variant entries may have
introduced some unevenness in variant classifications, as variants with
no conflicts between registry entries were not compared against the
reference databases. We also note that, for the purposes of this analy-
sis, perinatal/infantile HPP was defined as first manifestation of the
disease occurring at age <6 months and we therefore cannot exclude
the possibility that patients with prenatal benign HPP were included
in this category. Additionally, the registry does not capture patient
data posthumously. Therefore, the most severely affected patients
may be underrepresented. It is also important to note that wide geo-
graphic areas, such as Africa and central and South America, are not
currently represented in the Global HPP Registry. There are very few
reports of HPP in Africa outside of South Africa and North Africa
(Nunes, 2007). Others have noted ascertainment bias affecting inter-
pretation of HPP prevalence throughout Africa. Lastly, some variants
reported in the Registry may have been identified in screening of
affected patients/families and may therefore overestimate the pene-
trance and/or severity of some genetic variants.

In conclusion, this analysis confirmed previously known ALPL vari-
ants and discovered novel variants in more than 800 patients from the
Global HPP Registry. Variant numbers per patient, predicted functional
consequences, and frequencies of variant types were predominantly sim-
ilar across the geographic regions included in the Global HPP Registry,
with the Japanese population containing both a higher proportion of
patients with two or more variants and a disease onset before 6 months
of age. A full understanding of the genetics of HPP across the geo-
graphic, ethnic, and age distribution of affected patients offers valuable

insights into the pathogenesis and diagnosis of this rare disease.
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