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Summary eBioMedicine

Background Aceruloplasminemia (ACP) is a rare recessive disease caused by loss of ceruloplasmin activity due to
pathogenic variants in the ceruloplasmin (CP) gene. ACP causes iron accumulation in various organs, leading to
neurodegeneration, anaemia, and diabetes. Estimating ACP prevalence is challenging, particularly as missense
variants are not readily identified as pathogenic. 105625
Methods Heterozygous missense variants likely to impact function were mapped in gnomAD and representative
examples analysed for effects on CP activity. This knowledge was complemented by prediction of destabilizing effects

of potentially pathogenic missense variants and integrated with loss-of-function mutations. Global ACP prevalence

was predicted and compared with a more traditional method.

Findings Several as yet uncharacterised missense CP variants of pathogenic interest were identified by structure-function
in-silico analysis. A representative subset was functionally validated, together with known ACP missense variants.
Insights on the relative importance of copper ions coordinating centres in CP and its substrate specificity were
discovered. Overall, a destabilizing effect was predicted for 130 missense CP variants. This information, integrated
with known ACP missense and loss-of-function CP variants in gnomAD, allowed an estimation of ACP prevalence of
12.6/10°. An alternative analysis based on minor allele frequency <0.01 resulted in an ACP prevalence as high as 8/10°.

Interpretation These prevalence estimates for ACP are 20-25-fold higher than previously estimated and underscore
the applicability of structure-function based analyses of real-world genetic variability to provide an alternative method
for representing the frequency of rare disease variants.
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Introduction a multi-copper (Cu’*)-dependent enzyme, and also

Aceruloplasminemia (ACP) belongs to a heterogeneous ~ functions as th? ‘principaIA Cu2+. storage proFein in
group of rare inherited diseases collectively defined as ~ Plasma.*” The clinical manifestations of ACP include

Neurodegeneration with Brain Iron Accumulation  Tetinal degeneration, diabetes mellitus, and neurological
(NBIA) disorders, in which abnormal iron accumulation ~ Symptoms accompanied by liver inflammation and
in the brain is a common feature.! ACP is a rare auto-  anaemia, with high ferritin and low saturated trans-

somal recessive disease caused by pathogenic variants in ~ ferrin values." Although there are no natural history
the CP gene which encodes Ceruloplasmin (CP), the s.tudles fiescrlbmg ACP penetrance, at least 70% of pa-
main plasma ferroxidase protein in vertebrates.* CP is  tients diagnosed on the basis of peripheral symptoms
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Research in context

Evidence before this study

Aceruloplasminemia (ACP) was initially identified in Japan in
1987, and its prevalence, based on a small sample of the
Japanese adult population, was reported in 1999 to be

0.5 x 10°%. A more recent study on the lifetime risk of
Neurodegeneration with Brain Iron Accumulation (NBIA)
disorders estimated the global prevalence of ACP to be

0.4 x 10° based on loss of function CP variants in gnomAD
(EBioMedicine 2022; 77:103869), and a few missense variants.
The underdiagnosis of ACP is perpetuated by the scarcity of
studies, the dearth of public awareness, and the lack of
disease-modifying treatments, which are common challenges
faced by rare diseases. Identifying ACP-causing variants is
critical for both diagnostic and research purposes, but the
absence of functional analyses leads to a significant
proportion of variants being designated as variants of
uncertain significance in genomic databases. By assessing and
integrating this information effectively, the prevalence of ACP
in the population can be significantly enhanced.

Added value of this study

The present study assessed missense variants associated with
ACP by simultaneously examining their expression-related
and functional characteristics in comparison with as yet
uncharacterised candidate pathogenic mutants present in
population genome databases. The present study
demonstrates that even residues associated with Cu®* type |

eventually develop neurological symptoms, based on an
analysis of published case studies.” ACP is presently
treated with iron chelators, with significant limitations
in terms of tolerability profiles and the ability to address
the neurological manifestations.”* As for most ultra-rare
disorders, the true prevalence of ACP is likely to be
underestimated. Indeed, the reported ACP prevalence of
0.5/10° dates back to 1999 and relies on a single report
on a small sample (n = 4990) of the Japanese popula-
tion.” Subsequently, a study on the lifetime risk of NBIA
disorders calculated an ACP prevalence of 0.4/10° in the
world population and 0.6/10° in the non-Finnish Euro-
pean population.”” These results were obtained by
considering all the variants classified as “pathogenic” or
“probably pathogenic” in the ClinVar and HGMD
(Human Gene Mutation Database) databases up to 2021
and included loss of function (LoF) variants from the
genome aggregation database (gnomAD; https://
gnomad.broadinstitute.org), but included only a small
number of missense variants, many of which are known
to be pathogenic.”” Indeed, pathogenic missense vari-
ants, which may result in compromised enzymatic ac-
tivity with potentially limited impact on protein levels,
can be easily overlooked by diagnostic assays centred on
the measurement of CP plasma protein levels, though
they represent the most common pathogenic variant

ion coordination are critical for the enzymatic activity of CP,
thereby broadening our understanding of this protein.
Overall, our study created a rational flowchart that
incorporated functional characterisation to validate in-silico
structural analyses and predict mutant pathogenicity, with
the ultimate goal of assessing ACP the prevalence in a real-
world data population. This research represents a substantial
advancement in comprehending the genetic variability of CP
in relation to ACP susceptibility and increases estimates of
ACP in the general population by up to 25-fold relative to
current values.

Implications of all the available evidence

This study emphasizes the importance of employing a
comprehensive panel of laboratory tests for accurate
diagnosis, which includes the assessment of the specific
activity (U/g) of CP. Our findings highlight the need for
increased awareness in clinical practice, as they can lead to the
timely diagnosis of ACP and potentially facilitate access to
future disease-modifying treatments for patients who might
otherwise remain undiagnosed. This study provides a more
accurate prevalence of the disease, which is crucial for current
efforts to develop a protein replacement therapy for ACP, as
well as a blueprint for revisiting rare disease prevalence from
large scale genomic datasets based on available structure-
functional information of relevant proteins.

type in ACP patients.® Public genomic databases, such
as gnomAD constitute a valuable source for identifying
as yet uncharacterized ACP-causing variants when pre-
sent in homozygosity or compound heterozygosity. This
is especially true when these variants (particularly
missense) can be functionally characterized to under-
stand their effects.”"* This information, appropriately
evaluated and integrated, can considerably improve
prevalence estimates. For diagnostic purposes, the cor-
rect classification of CP variants as pathogenic or benign
is essential, but due to the lack of functional character-
ization a significant number of them are reported only
as variants of uncertain significance. As with most ultra-
rare diseases, the lack of sufficient epidemiological
knowledge, poorly standardized diagnostic guidelines,
and limited mechanistic understanding have hampered
the development of therapies. Interestingly, ACP is
caused by a deficiency of a plasma protein and is
therefore potentially addressable with a protein
replacement therapy.'*'* Indeed, the possibility of CP
replacement therapy in ACP has been successfully
demonstrated in Cp knock-out (CP-KO) mice (a pre-
clinical model of ACP) with CP purified from human
plasma.”® With the possibility of a future treatment,
the ability to correctly identify and diagnose patients
with ACP would not only significantly empower therapy
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development (e.g., through the further development of
patient registries such as TIRCON, Treat Iron-Related
Childhood-Onset Neurodegeneration, for NBIA disor-
ders'”) but also shorten patient journeys and enable
access to therapy for as many patients as possible.

In this study, we rationally assessed all CP
missense variants reported in gnomAD and identified
variants impacting residues of known or predicted
functional importance, including missense sub-
stitutions described in patients with ACP. A repre-
sentative subset of these was analysed experimentally.
This experimental dataset was used to validate a
workflow aimed at predicting the pathogenicity of CP
missense variants using an integrated suite of bio-
informatic tools. Finally, aggregated prevalence esti-
mates for LoF and potentially pathogenic missense
variants for CP were determined.

Methods

Identification and prioritization of missense CP
variants of interest

The structure-function approach towards identifying
and prioritizing CP missense variants of potential
functional significance is illustrated in Fig. 1. CP protein
sequence, and key functional amino acids (i.e., residues
associated with disulfide bridges, and coordination of
Cu®* and Fe®* ions; Fig. 2a) together with known ACP
missense variants (Table 1) were retrieved from UniProt
(https://www.uniprot.org/uniprotkb/P00450/entry) and
the scientific literature, respectively."*'**¢ All missense
variants in the CP gene were extracted from gnomAD*
and filtered for the CP residues of functional/structural
interest (impacting residues associated with disulfide
bridges, and coordination of Cu** and Fe®* ions;
Fig. 2b). Missense variants present in ClinVar* were
also similarly extracted (Fig. 2b). PYMOL (The PyMOL
Molecular Graphics System, Version 3.0 Schrodinger,
LLC) was used to visualize the positions of the identified
missense variants in the 3D protein crystal structure
(4ENZ; Fig. 2c). Candidate uncharacterized pathogenic
missense variants for functional characterization were
chosen as described in the Results section. With respect
to missense variants impacting the CP signal peptide,
the evolutionary conservation was inspected with the
Vertebrate Multiz Alignment & Conservation in the
UCSC Genome Browser (https://genome.ucsc.edu),
while the SignalP-6.0 tool (https://services.healthtech.
dtu.dk/services/SignalP-6.0/) was used to predict the
in silico effects of missense variants on the pro-peptide
cleavage site® (Fig. 3d).

Recombinant CP (rCP) mutants production

The rCP-WT plasmid was synthesized from GenScript
(Piscataway, NJ, US; RRID:SCR_002891) by cloning the
codon-optimized sequence for the human wild-type CP
(NM_000096.4; includes the signal peptide) into the
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pcDNA3.1 vector at the Nhel and EcoRI sites, followed
by a C-terminal TEV protease cleavage site, a 3xC-tag
and 3xFLAG tag. To generate different mutants, relevant
codon mutations resulting in the desired missense CP
mutants were designed and ordered from GenScript
(RRID:SCR_002891). All CP constructs were confirmed
by sequencing by GenScript Inc. (RRID:SCR_002891).
The empty vector (EV) and all plasmids were purchased
from GenScript (RRID:SCR_002891).

Cell culture

HEK293T cells were obtained from American Type Cul-
ture Collection (ATCC, #CRL-11268, RRID:CVCL_1926)
and grown in heat-inactivated Dulbecco’s modified Ea-
gle’s minimal essential medium (DMEM, Thermo Fisher
Scientific, Waltham, MA, US, #41966-029) supplemented
with 10% heat inactivated foetal bovine serum (FBS,
Thermo Fisher Scientific, #26140079) and 1% PenStrep
(Thermo Fisher Scientific, #15140122) at 37 °C in a hu-
midified atmosphere of 95% air and 5% CO,. Transient
transfection of plasmids encoding EV, rCP-WT, and rCP
mutants into HEK293T cells was performed using Lip-
ofectamine 2000 (Thermo Fisher Scientific, #11668-019)
and Opti-Mem (Thermo Fisher Scientific, #31985062)
according to the manufacturer’s instructions. Media were
supplemented with 10 pM CuSO45H,0 5 h and 21 h
post-transfection, with the exception of the WT negative
control. 48 h after transfection, 4 mL of each collected cell
supernatant were concentrated and buffer-changed to
Tris buffer (20 mM, pH 7.0) using Amicon-Ultra-4
30 kDa devices (Merck, Darmstadt, DE, #UFC8030).
Transfected cells were lysed with M-PER™ Mammalian
Protein Extraction Reagent (Thermo Fisher Scientific,
#78501) supplemented with a Halt Protease Inhibitor
Cocktail (Thermo Fisher Scientific, #87786). The total
protein concentration in each cell lysate or supernatant
was determined using the Bradford assay (Thermo Fisher
Scientific, #23236).

Turbidimetry

Antigen levels of CP in cell Iysates and supernatants were
determined using an Optilite turbidimeter (Binding Site,
Birmingham, UK) and the Ceruloplasmin kit (Binding
Site, #NK045.0PT) for diagnostic purposes in clinical
settings. Tests were performed in triplicate according to
manufacturer’s instructions and using automated di-
lutions. The percentage of intra- and extracellular CP for
each mutant was calculated based on the total antigen
derived from the CP concentrations in the lysate and
supernatant, and normalized to the sample volumes.

CP enzymatic activity assays

Total CP activity was measured in 96-well plates using
the Ceruloplasmin Colorimetric Activity Kit (Thermo
Fisher Scientific, #EIACPLC) following manufacturer’s
instructions. The activity of the standard in the kit was
determined using the Curzon and Vallet method under
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Fig. 1: Schematic representation of the study.
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Fig. 2: Functionally important CP residues and new CP missense variants of interest and known ACP missense variants. a.
Table summarising the CP residues key for its structure and function. Data from Uniprot (https://www.uniprot.org/uniprotkb/P00450/entry)
and https://doi.org/10.3390/nu5072289. b. Venn diagram illustrating the number of identified CP missense variants and their overlaps across
the gnomAD (blue) database, ClinVar database (yellow), and ACP literature (red). Missense variants were selected for causing a change in
residues involved in disulfide bridges, an interaction with a Cu®* ion, or an Fe?* ion. Variants already associated with ACP, or affecting the same
residue but with a different amino acid change are also included. c. Top, schematic representation of CP subdivided into the six domains
containing Cu”* type | (pink), Cu®* type Il (yellow), and Cu®* type Ill (brown). Bottom, crystal structure of human CP (PDB ID: 4ENZ; view from
the top, on the left, and from the bottom, on the right) showing the location of residues of all identified missense variants (blue spheres
gnomAD variants; yellow spheres ClinVar variants). Red spheres identify the 28 residues affected by ACP missense variants reported in the
literature, are identified based on the mature protein (without signal peptide, 19 amino acids). In some cases (e.g., R701) missense variants are
present in all three variant sets (gnomAD, ClinVar and literature ACP sets) and are correspondingly indicated as three separate blue, yellow and
red spheres. The figure was generated with the PyMOL program.
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Missense gnomaAD allele ClinVar code
N N References
Variants frequency (id dbSNP)
p.128F - - (1,18, 22)
42050
p.D77H 106/1614038 Conflicting interpretations of pathogenicity (74)
(rs200683433)
42120
p.Q165E - Pathogenic (23)
(rs386134122)
42056
p.1183T 55/1613960 Uncertain significance ]
(rs386134123)
521552
p.G195R 19/1613778 Conflicting interpretations of pathogenicity (1,18)
(rs750451693)
42119
p.P196R - Pathogenic (18, 24)
(rs386134124)
42051
p.F217S - Pathogenic (8)
(rs386134125)
128844
p.V219E 36/1613654 Uncertain significance (25)
(rs587780321)
42126
p.W2835 - Likely pathogenic (26)
(rs386134126)
488147
p.C338S 1/833110 Pathogenic (8,27)
(rs769313989)
42047
p.A350D 2/833104 Uncertain significance (19)
(rs386134127)
42128
p.Y375H 8/1461718 Uncertain significance (1)
(rs386134128)
210755
p.PA77L 5801/1614060 | Conflicting interpretations of pathogenicity (28, 29)
(rs35331711)
p.T5511 50028/1612482 42125 (1)
Benign/Likely benign
(rs61733458)

.G5S5E 4/1461476 ; 30
P / (rs1283146785) (30)
p.M557R - - (31)

424620
p.C560F 1/1461654 Likely pathogenic (27)
(rs1064797073)
p.G625E - - 1)
381716
p.G650R 21/1614010 Pathogenic/Likely pathogenic (21,32)
(rs776936158)

.G708S 13/1614026 ’ 33,
B / (rs1056623509) B3)
p.Q711K - - (74)

42123
p.R720W 704/1613932 Uncertain significance (1,28,34)
(rs145784949)
p.G892E - - )
42054
p.G895A 2940/1611726 | Conflicting interpretations of pathogenicity (20, 76)
(rs139633388)
431113
p.L919P - Pathogenic/Likely pathogenic 27
(rs1135401784)
p.M985V - - 1)
p.G988S = - (35)

.1991T 8/1461508 . 8,27
P / (rs141912721) 27)
p.H997Q - - (36)

The list of missense variants associated with ACP was updated on November 2023. Amino acid residue numbering
consists of the signal peptide. Missense variants selected for functional study are highlighted in orange. The missense
variant p.Thr551lle Thr551lle was classified as Benign/likely Bening and was therefore excuded from the analysis.

Table 1: List of ACP missense variants reported in the literature.

conditions of oxidase activity determination.” Briefly,
concentrated and dialysed samples were diluted in assay
buffer, added to the substrate, incubated at 37 °C for
1 h, and then the plates were read at 560 nm. Ferrox-
idase (FeOx) CP activity of concentrated and dialysed
samples was measured according to Erel’s method*
doubling the reaction volumes optimal for cuvettes.
Briefly, 6 pL of sample was added to 700 pL of reagent 1.
Then, 150 pL of reagent 2 was added to the mixture, and
after incubation for 30 min at 37 °C, the reaction was
stopped by adding 60 pL of reagent 3. The absorbance
was measured at 600 nm with a correction at 700 nm
using a Nanodrop One spectrophotometer (Thermo
Fisher Scientific). Each sample was assayed thrice. The
calibration was based on 7-point EDTA concentrations,
in which the ferrous (Fe**) ion concentration was
derived.

Immunoblots

Equal amounts of total protein or CP from cell lysates or
supernatants were resolved using TGX stain-free 4-15%
(BioRad, Hercules, CA, US; #5678085) gels or 4-12%
Bis-Tris gels (Thermo Fisher Scientific, #WG1403) along
with plasma-derived CP standards: human plasma-
derived CP Kedrion (pdCP-K),”® commercial human
plasma-derived CP research-grade purified (pdCP-E)
(Enzo Life Sciences, #ALX-200-089-M001), and a stan-
dard from the CP Colorimetric Activity Kit (Thermo
Fisher Scientific, #EIACPLC). The proteins were trans-
ferred to nitrocellulose membranes (Bio-Rad, #1704159)
using the Trans-Blot Turbo Transfer System (Bio-Rad).
The membranes were then blocked with EveryBlot
Blocking Buffer (Bio-Rad, #12010020) and stained over-
night at 4 °C using one of the following primary anti-
bodies: anti-serum CP kit Optilite (1:2000, Binding Site,
#NK045.0PT), CP monoclonal antibody (1:1000, Thermo
Fisher Scientific, #MA5-38035, RRID:AB_2897953), CP
polyclonal antibody (1:1000, Thermo Fisher Scientific,
#PA5-95336, RRID:AB_2807139), polyclonal anti-Cp
(1:1000, Abcam, Cambridge, UK; #ab48614, RRI-
D:AB_869113). Membranes were incubated with appro-
priate secondary antibodies at room temperature for 1 h:
rabbit anti-sheep HRP (1:2000, Thermo Fisher Scientific,
#31480, RRID:AB_228457) and donkey anti-rabbit HRP
(1:2000, Cytiva, Milan, IT; #NA9340, RRID:AB_772191).
The membranes were developed using Clarity Western
ECL Substrate (Bio-Rad, #1705061) and exposed to
ChemiDoc (Bio-Rad).

Immunocytochemistry

For immunofluorescence analysis, 50,000 cells/well
were seeded on poly L-lysine-coated coverslip glasses
(13 mm @ x 0.17 mm) and transfected with pcDNA3.1
plasmid containing rCP-WT or CP mutants (p.A17D,
p-A19V, p.D77H, p.A350D, and p.G895A) using Lip-
ofectamine LTX (Thermo Fisher Scientific, #15338100).
After 5 and 24 h, the medium was supplemented with
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Fig. 3: Selected CP missense variants affecting functionally important residues. a. The 12 missense CP variants selected for functional
analysis. b. Missense variants p.H656R and p.H343Y (see Supplementary Table S2) and ACP mutation p.C338S (see Table 1) which directly
impact Cu®* coordinating residues in type | Cu®* centres (1106 and 1102 respectively, using PDB ID: 4ENZ as the reference structure). c. Missense
variants p.G988S, p.D703G and p.D1044N (see Supplementary Table S2) and ACP mutations p.E990D, p.G708S, p.G650R (see Table 1) which
impact residues in close association with type | Cu>* coordinating residues (selected gnomAD missense variants: 1106; missense ACP mutations:
1106 and 1107, respectively), using PDB ID: 4ENZ as the reference structure). p.G650R is in the proximity of two type | Cu** (1102 and 1106). d.
Multiple sequence alignment of CP signal peptide using Vertebrate Multiz Alignment & Conservation of UCSC Genome Browser, showing the
evolutionary conservation and the missense variants present in gnomAD (blue spheres), and ClinVar (yellow spheres) databases. The regions of
the signal peptide are shown above. Cleavage of the signal peptide occurs after the conserved A-X-A motif. e. Alphafold prediction of human CP
(structure (https://alphafold.ebi.ac.uk/entry/P00450) showing the location of residues impacted by all selected CP missense variants. The
cleavage site to generate the mature protein is indicated by scissors.
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10 pM CuSO,4-5H,0. 48 h post-transfection, cells were
fixed using Image-IT Paraformaldehyde 4% (Thermo
Fisher Scientific, #128800) and permeabilized with PBS
containing 0.25% Triton X-100 for 20 min. The cells
were then blocked for 2 h in PBS supplemented with 5%
BSA and 0.1% Triton X-100. For double staining, the
cells were incubated for 16 h at 4 °C with antibodies
diluted in PBS containing 2.5% BSA and 0.1% Triton X-
100. The antibodies used were rabbit anti-Cp (1:100,
BioVision, #7019, RRID: AB_3665653), rat anti-GRP94
(1:100, Enzo Life Sciences, #ADI-SPA-850-D, RRI-
D:AB_2039133), and mouse anti-GM130 (1:100, BD
Biosciences, #610822, RRID:AB_398141).  After
washing with PBS, the cells were incubated for 1 h with
goat anti-rabbit Alexa Fluor-594 (1:500, Thermo Fisher
Scientific, #A32740, RRID:AB_2762824), goat anti-rat
Alexa Fluor-488 (1:500, Thermo Fisher Scientific,
#A11006, RRID:AB_2534074), or goat anti-mouse Alexa
Fluor-488 (1:500, Thermo Fisher Scientific, #A11029,
RRID:AB_2534088). Cells were then incubated for
5 min with 300 nM DAPI (4,6-diamidino-2-
phenylindole, ThermoFisher Scientific, #D1306) in
PBS. After washing four times with PBS and once with
ultrapure water, coverslips were mounted using Pro-
Long Diamond Antifade Mountant (Thermo Fisher
Scientific, #P36934) and sealed with ProLong Coverslip
Sealant (Thermo Fisher Scientific, #P56128). Staining
was visualized using a Leica TCS SP5 Laser Scanning
Confocal Microscope equipped with a 63x objective, and
images were acquired using LAS-AF software (Leica).
Images were reconstructed by stacking five consecutive
z scans (z step 0.9 pm) with Image] software.

In silico structure-based mutational analysis
Structural analysis of the CP mutants to predict their
impact on protein folding in terms of free energy
change (AAG) was performed using the PremPS,*
DDMut,” DUET,* DynaMut2,* and PoPMuSiC*
servers using the CP crystal structure (Protein Data
Bank: 4ENZ) and AlphaFold.” Missense variants pre-
dicted to be destabilized by three of these five tools were
selected to estimate the prevalence of ACP.

Prevalence estimates

Carrier frequencies and prevalence estimates were
calculated with the Genetic Prevalence Estimator
(GeniE, https://genie.broadinstitute.org/). This tool
employs gnomAD allele frequencies to assess the ge-
netic prevalence of autosomal recessive diseases. We
selected the GeniE simplified model, which is based on
the Hardy-Weinberg equation for the calculation of
genetic prevalence. We opted for the GeniE manual
function, by submitting 3 custom lists of variants: 1) one
based on a rational selection of variants (including LoFs,
start/stop codon losses, in-frame deletion/insertions, as
well as missense substitutions identified through our
functional/structural analyses); 2) the second one, more

unbiased, based on the following criteria: i) minor
allele frequency <0.01, and ii) inclusion of all LoFs
(comprising also 4 structural variants/large deletions),
start/stop codon losses, in-frame deletion/insertions, as
well as missense substitutions with a predicted REVEL
score >0.932 (strong missense variants); and 3) the third
list mirrored the second one, but included missense
substitutions with a predicted REVEL score of >0.773
(moderate missense variants). REVEL (rare exome
variant ensemble learner) is a specific method developed
to predict and classify pathogenicity of missense vari-
ants based on 13 individual tools. The REVEL score
threshold to assign missense variants as having “strong”
(>0.932) or “moderate” (>0.773) evidence of variant
pathogenicity was chosen in agreement with ClinGen
recommendation.” In all cases, variants were retrieved
from gnomAD v.4.1.0 and gnomAD SV v.4.1.0 (for
structural LoF variants), and the Matched Annotation
from NCBI and EMBL-EBI (MANE) transcript
ENST00000264613.11/NM_000096.4 of the CP gene for
variant reporting.

Statistics

Statistical calculations and data visualization were per-
formed using GraphPad Prism v.10 (GraphPad Soft-
ware, Inc. La Jolla, CA, USA). Normality of data
distribution (levels of antigen, and specific activities)
was assessed using the Shapiro-Wilk test. Accordingly,
the statistical data analysis was performed using one-
way analysis of variance (ANOVA) followed by correc-
tion for multiple comparisons using Dunnett’s method
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
versus WT rCp).

Role of funders

The funder Kedrion S.p.A. had a direct role in study
design, data collection, data analyses, interpretation, and
writing of report. The funder Italian Ministry of Uni-
versities and Research (MUR) had no role in the study
design, data collection, analyses, interpretation, or
writing of the report.

Results

Identification of CP missense variants with
relevance for pathogenicity

While variants resulting in a truncated or missing protein
can be easily associated with a LoF phenotype, missense
substitutions may or may not result in impaired protein
function and require functional characterization. The
pathogenic potential of missense substitutions can be
inferred from their association with residues of func-
tional importance in the protein. In CP, structure and
function are dependent on the appropriate coordination
of Cu** ions for correct protein folding and Fe* ions for
ferroxidase activity. According to the literature, six Cu®*
ions are present in holoceruloplasmin (Holo-CP; distinct
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from the Cu-uncomplexed form defined as apocer-
uloplasmin, Apo-CP), subdivided into three spectroscop-
ically distinct forms (type I, II, and III).* Among these,
three Cu”* ions (two of type III and one of type II), which
form the trinuclear cluster, have been identified as being
responsible for the process of electron transfer from the
substrate to be oxidised to molecular oxygen, and thus for
the enzymatic activity of CP.***' Therefore, it is possible
to identify key CP amino acid residues that are associated
with correct folding (including residues associated with
disulfide bridges) and functional properties based on the
coordination of Cu?* and Fe’* ions. Aside from missense
substitutions affecting these known functionally relevant
residues, a number of ACP-associated pathogenic
missense variants are known. CP residues key for its
structure and function were identified (n = 37; Fig. 2a), as
well as missense pathogenic variants in CP associated
with ACP (n = 28; Table 1). All missense substitutions in
CP reported in the gnomAD database were then extrac-
ted, resulting in the identification of 807 individual
impacted residues out of 1065 amino acids (including the
signal peptide) comprising the soluble form of CP. Next,
gnomAD missense CP variants coincident with residues
associated with functionally important amino acids (di-
sulfide bridges and interactions with Cu** or Fe®* ions)
or resulting in known ACP pathogenic variants were
selected. This analysis resulted in a subset of 67 gnomAD
CP missense variants (Supplementary Table S1), all of
which were present in the database as heterozygous
variants, with the exception of two reportedly pathogenic
variants previously associated with ACP (p.P477L and
p.G895A). Similar to the screening performed on gno-
mAD CP missense variants, CP missense variants pre-
sent in the ClinVar database were filtered for amino acid
substitutions affecting functionally important residues, or
those resulting in ACP (n = 29). In addition to the
identified 29 CP missense variants, we included the
p.R310G variant based on its classification as “likely
pathogenic” in ClinVar (Supplementary Table S1).
Collectively, the pool of potentially pathogenic variants
numbered 84 (Fig. 2; Supplementary Table S1).

Functional characterization of selected CP missense
variants

Of these 84 variants, 12 missense CP variants were
selected for functional analysis (Fig. 3a). The trinuclear
cluster comprising type IT and 11T Cu?* ions is located at
the C-terminus of the linear CP sequence.”*' This
cluster comprises 8 histidine residues (H120, H122,
H180, H182, H997, H999, HI1039, H1041;
Supplementary Fig. S1). Amongst these histidine resi-
dues H997 and H999 are impacted by two gnomAD
variants (p.H999Q and p.H997R, Supplementary Fig. S1
and Table S1). Additionally, H180 is impacted by a
known ACP mutation (p.H180N, Supplementary Fig. S1
and Table S1). These missense variants have not been
prioritized for functional analysis as their disruption of
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key Cu** coordinating histidine residues in the trinuclear
cluster likely results in incorrect CP folding and impaired
enzymatic activity (though no Clinvar annotation is as yet
available). Instead, the focus was placed on CP missense
variants impacting residues associated with Cu* type I
ion coordination, which are spread over the entire length
of the linear CP sequence and are so far believed to be
less important for CP folding than type II and III Cu**
ions.” The 12 selected missense CP variants included
seven missense variants previously associated with ACP
(p.D77H, p.C338S, p.A350D, p.GG50R, p.G708S,
p-G895A, and p.G988S) as pathogenic (positive) controls.
All missense variants, with the exceptions of p.G988S
and p.G708S, were identified in both gnomAD and
ClinVar databases (Table 1). Variants p.C338, p.A350,
p-G650, p.G708, and p.G988 were chosen due to their
direct or indirect involvement in Cu®* type I ion coordi-
nation (Fig. 3b and c). In contrast, p.D77H and p.G895A,
while associated with ACP, do not appear to influence
Cu?* or Fe** coordination. As uncharacterized candidate
pathogenic ACP missense variants, we selected H343Y,
HG656R, R703G, E990D, and D1044N because they
directly impact residues coordinating Cu?* type I or Fe®*
ions.

Finally, since variants in the signal peptide may
impact protein secretion, we extracted all missense
variants present in the gnomAD and ClinVar databases
that map within the CP signal peptide (Fig. 3d). Their
effect on CP protein secretion was predicted with the
SignalP-6.0 server (Fig. 3d).*>**** This analysis identified
p-A17D and p.A19V as affecting signal peptide cleavage,
and these CP missense variants were therefore selected
for functional characterization. Two additional missense
variants in the CP signal peptide (p.L6F and p.F9V) were
selected for functional analysis based on evolutionary
conservation of the impacted residues among verte-
brates and the charge effect/steric hindrance of the
amino-acid substitution (Fig. 3d). Collectively, the
selected CP variants (Fig. 3e) were analysed by transient
expression in the human cell line HEK293T to deter-
mine their effects on CP secretion, ability to form Holo-
CP, and enzymatic activity of the secreted CP protein.

Analysis of intracellular retention of CP variants

Most previous in-vitro studies have focused on the
glycosyl-phosphatidylinositol (GPI)-membrane anchored
CP form'**** produced physiologically by alternative
splicing.’ This is not the predominant soluble form
circulating in plasma and thus is not fully representative
for studying ACP. Therefore, we transiently expressed the
soluble form of WT rCP and the selected CP variants in
the human HEK293T cell line, resulting in high expres-
sion levels (Fig. 4a). Antigen levels of CP in cell lysates
and supernatants were measured by a turbidimetric assay
routinely used for ACP diagnostic purposes in clinical
settings.”* Since we had evidence that absorbance result-
ing from immune complexes decreased significantly in
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Fig. 4: Intracellular retention of rCP mutants. a. Coomassie staining (left) and anti-CP immunoblot (right) of cell lysates from HEK293T cells
transfected with either empty vector (EV), WT rCp or the indicated mutants. Media were supplemented with CuSO,4-5H,0 with the exception of
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turbidimetry after boiling CP, we hypothesized that the
assay was affected by CP protein conformation, resulting
in underestimation of CP protein levels when the studied
variants impacted protein structure. To avoid confounding
effects due to variants altering immunocomplex forma-
tion, the percentage of intra- and extracellular CP for each
individual mutant was calculated based on total antigen
levels. As shown in Fig. 4b, the secretion of ACP mutants
p-D77H and p.A350D was significantly impaired (~80%)
in spite of clearly detectable intracellular expression,
consistent with literature data showing that these variants
result in retention within the Endoplasmic Reticulum
(ER).** Variants in the signal peptide (p.A17D and
p.A19V) significantly reduced the secretion of rCP
compared to the wild-type protein (Fig. 4b), suggesting
that these signal peptide variants affect CP secretion and
may result in decreased circulating CP levels in vivo. A
limited but statistically significant effect on secretion was
observed for the p.G895A variant (Fig. 4b). The observed
impaired CP secretion for p.A17D, p.A19V, p.D77H,
p-A350D, p.G895A could be due to impaired endoplasmic
reticulum (ER)-to-Golgi trafficking as previously reported
in literature for some of them.'®* To gain insight into the
intracellular trafficking of mutants with reduced secretion,
we investigated their subcellular localization using
immunofluorescence and confocal microscopy analysis,
using subcellular compartment markers for the ER and
Golgi. Cells transfected with WT rCP showed CP co-
localization with the ER, with a typical pattern of vesicu-
lar haze extensively dispersed throughout the cytosol, and
a punctate CP signal consistent with its colocalization in
the Golgi apparatus, as demonstrated by colocalization of
the CP signal with a Golgi marker (Fig. 4c). A similar
staining pattern was observed in cells transfected with the
p.A17D, p.A19V, and p.G895A rCP mutants, with no
apparent differences relative to cells transfected with WT
rCP. In contrast, in cells transfected with the p.D77H and
p-A350D mutants, a less punctuated and more evenly
spread rCP signal was observed, with qualitatively higher
ER co-localization and little Golgi co-localization detect-
able, consistent with an impairment in p.D77H and
p-A350D mutant maturation due to defective ER-to-Golgi
trafficking (Fig. 4c). Therefore, ER retention was observed
for the D77H and A350D mutants, as previously
reported,”® which was consistent with the strong effects of
these variants on CP secretion (Fig. 4b). In contrast, the

effects of p.A17D, p.A19V, and p.G895A on the impair-
ment of ER-Golgi trafficking were not as obvious, some-
what consistent with a relatively more subtle effect of
these variants on CP secretion (Fig. 4b).

Analysis of Holo-form generation and enzymatic
competence of secreted CP variants

Next, the rCP missense variants for which efficient
secretion from HEK293T cells in the culture medium
could be demonstrated were investigated through the
analysis of the corresponding conditioned media for
their oxidase (Ox) and ferroxidase (FeOx) activities, thus
excluding the p.D77H and p.A350D mutants from
further analysis. Both Ox and FeOx assays are
commonly employed for the characterization of CP ac-
tivity, with the FeOx assay being the principal functional
assay to measure CP activity in human plasma sam-
ples.®”** Because FeOx activity represents an iron-
dependent component of oxidase activity, we decided
to employ both assays to assess any potential functional
effects of individual missense variants on the capacity of
CP to oxidize different substrates. In each assay and for
each rCP protein conditioned media, CP activity was
measured and normalized to CP antigen levels to pro-
duce specific activity values and compared to plasma-
derived purified CP proteins as positive controls,
namely from Kedrion (pdCP-K'‘) and from a commer-
cial source (pdCP-E"'°). As a negative control, WT rCP
was expressed in the absence of Cu** supplementation
in the medium (-), which is known to result in an Apo-
CP protein devoid of functional activity.” In fact, WT
rCP expressed in HEK293T cells in the absence of Cu®*
supplementation resulted in the secretion of Apo-CP
(Fig. 5a), completely devoid of either Ox or FeOx activ-
ity (Fig. 5b and c). However, WT rCP expressed in the
presence of supplemented Cu”* resulted in the secretion
of significant quantities of Holo-CP (Fig. 5a) with an Ox
activity that was at least comparable to that of plasma-
derived CP samples (Fig. 5b). Among the rCP mutants
expressing an ACP-associated variant, loss of Holo-CP
(Fig. 5a) and loss of both Ox and FeOx activity was
confirmed for p.C338S, p.G650R, p.G708S, and
p-G988S (Fig. 5b and c). However, p.G895A showed a
profile of Holo-CP and Ox/FeOx activities comparable to
that of the WT rCP protein, inconsistent with a patho-
logical significance of this variant, as some studies have

WT (-) rCP (negative control). Cell lysate from non-transfected cells (NTC) was also included as control. Cell Lysates were subjected to
denaturing and reducing SDS-PAGE on TGX stain-free 4-15% gel. 10 pg of total protein (shown on the left) were loaded in each well and
blotted with anti-CP antibodies (shown on the right). b. 48 h post-transfection cell lysates and supernatants were collected, and CP antigen
levels were determined by turbidimeter assay. The percentage of intra- and extracellular CP for each mutant was calculated on the total antigen
derived from the CP concentration in the lysates and supernatants normalized for sample volumes. Bars represent the mean =+ the standard
deviation from three independent experiments. Statistical analysis was performed using ANOVA followed by correction for multiple com-
parisons using Dunnett’s method (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WT rCp). Black lines indicate controls, blue lines
are the new CP candidate pathogenic variants, and red lines are the ACP literature variants. c. Representative images for the staining of the CP
(red) and endoplasmic reticulum (ER; anti-GRP94, green) or golgi (anti-GM130, green) in HEK293T cells. Cell nuclei are counterstained using

DAPI (blue).
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Fig. 5: Functional characterization of rCP mutants and plasma derived CPs. a. Immunoblots of cell culture supernatants from HEK293T cells
transfected with either empty vector (EV), WT rCp or the indicated mutants. Media were supplemented with CuSO,4-5H,0 with the exception of
WT (=) rCP (negative control). Medium from non-transfected cells (NTC) was also included as control. 48 h post-transfection, supernatants were
subjected to partially denaturating and non-reducing SDS-PAGE on 4-12% Bis-Tris gels to reveal the presence of Apoceruloplasmin (Apo-CP)
and Holoceruloplasmin (Holo-CP), indicated by grey and black arrowheads, respectively. Cell culture supernatants containing 10 ng of CP were
loaded in each well, except for EV and NTC for which 3 pg of cell culture supernatant total protein were loaded. b. Specific Oxidase (Ox) and c.
specific Ferroxidase (FeOx) CP activities of concentrated and dialysed cell culture supernatants. For each analytical session, the basal activity of
EV was subtracted from the activity values of rCP mutants of the respective transfections. Activities were also measured for human plasma-
derived CP Kedrion (pdCP-K) and a commercial research-grade purified CP (pdCP-E), included as controls. Specific activity was calculated by
normalizing Ox and FeOx activities in cell culture supernatants on their corresponding CP antigen levels. Bars (b,c) represent the mean + s.d.
from three independent experiments. Black lines indicate controls, blue lines are the new candidate pathogenic variants, and red lines are the
ACP literature variants. The statistical data analysis was performed using one-way analysis of variance (ANOVA) followed by correction for
multiple comparisons using Dunnett’s method (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus WT rCp).

also suggested.”*** Of the nine yet unexplored rCP
variants, the p.H343Y and p.HG656R variants, which
alter residues directly interacting with copper type I
ions (Fig. 3c) demonstrated loss of Holo-CP expression
(Fig. 5a) and almost null specific Ox and FeOx activities
(Fig. 5b and c). Conversely, the p.D703G variant did not
result in impaired Holo-CP formation or Ox/FeOx ac-
tivity (Fig. 5a,b,c). The p.D1044N and p.E990D variants
did not result in impaired Holo-CP formation (Fig. 5a)
but demonstrated intriguing differences in their

enzymatic activities relative to WT rCP. Specifically,
p-E990D demonstrated a partial reduction (~40%) in
both Ox and FeOx activities with respect to WT rCP
(Fig. 5Db), but showed a specific FeOx activity (Fig. 5¢)
comparable to that of plasma-derived CP proteins
(demonstrated to be efficacious in Cp-KO mice''?). As
for p.D1044N, only its FeOx activity was partially
impaired (approx. 40%; Fig. 5b and c). Finally, the var-
iants affecting the signal peptide, which may result in
the secretion of a CP with a different amino-terminus
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relative to the WT rCP, did not affect Holo-CP formation
(Fig. 5a), as might be expected from variants that do not
impact CP residues key for Cu®* loading and protein
folding, and had no significant impact on protein FeOx
and Ox activities (Fig. 4b and c). Therefore, none of the
signal peptide missense CP variants could be consid-
ered to have pathological significance.

Structural analyses and rational prediction of
pathogenicity for gnomAD CP missense variants
An estimate of the real-world prevalence of ACP can be
obtained through the analysis of pathogenic and
potentially pathogenic CP variants described in the hu-
man population. To this end, an in-silico workflow was
applied to identify CP variants with pathogenic poten-
tial, intended as variants capable of altering the protein
structure locally or globally (i.e., in terms of experi-
mental free energy change, AAG.,;). First, as a valida-
tion set for the workflow, the 12 missense mature CP
variants that underwent functional characterization
(Fig. 3a) were selected. Next, PremPS, DDMut, DUET,
and DynaMut2 were employed to examine the destabi-
lizing potential of each of these 12 CP variants using
either the CP crystal structure (PDB ID:4ENZ) or the CP
AlphaFold-predicted structure (P00450). As the results
were comparable (Supplementary Table S2), the CP
crystal structure was used, which allowed the inclusion
of a fifth tool, PoPMuSiC. Then, the 12 selected
missense variants together with the known pathogenic
variants on ClinVar (n = 8) were used to validate the
structural  analysis using the threshold of
AAG.y,>1.0 keal mol ™ for highly destabilizing variants
for PremPS and PoPMuSiC (as previously reported®),
and the widely used AAG,>0.5 keal mol™ for DDMut,
DUET and DynaMut2. Missense variants predicted as
destabilizing by at least three of these five tools showed a
true-positive rate of 81% and a true-negative rate of
100% (Supplementary Table S2). With these parame-
ters, we performed an analysis of the 84 missense
variants (Fig. 2b; gnomAD subset). Of these, 58 (69%)
were predicted to have destabilizing (pathogenic) ef-
fects (Supplementary Table S3). Then, among all gno-
mAD missense variants, we extracted 176 variants
annotated in the ClinVar database as of “uncertain
significance” or “conflicting interpretations of patho-
genicity: 87 of them were predicted to be destabilizing
on the CP structure (Supplementary Table S3). Struc-
tural analysis was not performed for two variants,
p-S501R and p.T1062N, because they fall into regions
of CP which are not represented in the PDB structure.
A total of 244 missense variants from gnomAD were
included in the analysis, of which 130 were predicted to
have pathogenic effects (53%) (Supplementary
Table S3). These rationally selected 130 missense CP
variants present in gnomAD were therefore included
for ACP prevalence estimations.
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Assessment of ACP prevalence from gnomAD
Prevalence estimates for ACP were calculated using the
recently released Genetic Prevalence Estimator tool
(GeniE, https://genie.broadinstitute.org), which lever-
ages general population allele frequencies present in
gnomAD. Only variants included in the more recent
gnomAD v4.1.0 and passing quality checks were used. A
total of 324 variants were submitted to GeniE: i) 125
predicted pathogenic missense variants and the p.D77H
and p.H343Y were included based on our functional/
structural analyses; ii) 177 LoFs (frameshift, nonsense,
and splicing variants affecting the first two and the last
two intronic nucleotides); iii) 3 start/stop codon loss
variants; and iv) 17 in-frame deletions/insertions. The
estimated global prevalence of ACP was 12.6/10°
individuals (Table 2), ~20-25 fold higher than that re-
ported to date.”'® Similarly, the prevalence rate in the
European (non-Finnish) population was 12.9/10° in-
dividuals, while the prevalence in the East Asian popu-
lation was 57.4/10° individuals, a much higher
prevalence than in the other populations (Table 2). The
recurrent and ethnicity-specific variants are summa-
rized in Table 2.

To provide a broader perspective, we calculated
additional prevalence estimates using a less selective
approach. All gnomAD CP variants predicted to be
pathogenic with a minor allele frequency of <0.01 were
included, consistent with common methodologies for
rare disease prevalence estimation.*> We generated
two datasets applying different thresholds for missense
variant inclusion. The first dataset employed a stringent
criterion, considering only “strong” damaging missense
variants, while the second incorporated both “strong”
and “moderate” missense substitutions.” Of note, both
datasets also included structural LoF variants (i.e., large
deletions, n = 4) identified from genome data (gnomAD
SV v.4.1.0, based on information from 63,046 in-
dividuals). Hence, the two datasets comprised 248 and
546 variants, respectively (Supplementary Table S4).
Our analysis yielded overall prevalence estimates
ranging from 6.64/10° to 21.7/10° individuals. This is in
line with the number of homozygous individuals an-
notated in the two datasets (12 and 4 among 807,162
individuals for the less and more stringent dataset,
respectively). Table 3 provides a breakdown of preva-
lence estimates across different ethnic groups. Inter-
estingly, prevalence estimates are profoundly affected by
a single missense variant, i.e., the p.G895A substitution
(rs139633388), which is the most frequent one among
those included in our analyses (global minor allele fre-
quency: 1.82/10%). The global prevalence of ACP is
strikingly decreasing from 8.01 to 0.57/10° individuals
depending on the inclusion of the p.G895A variant
(most stringent dataset; Table 3). This underlines the
importance of a functional assessment of predicted
pathogenic variants, like p.G895A, as presented in this
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Genetic ancestry group Estimated Estimated  Top 5 most Structural
heterozygous prevalence  frequent analysis
frequency in 10> in 10° mutations
individuals individuals

Global 7.09 1.265° p.N263S 5/5

p-A406E 3/5
p.1453Vv 5/5
p.G1000S 5/5
p.L592F 3/5
African/African-American 5.24 0.689 p.1894T 5/5
p.E803G 3/5
p.G967A 4/5
p-R177K 5/5
p.R89TfsTer14 -
Latino/Admixed American 8.58 1.855 p-M1? =
p-R310H 3/5
p-K422R 4/5
p.L634! 3/5
p.N263S 5/5
Ashkenazi Jewish 131 0.043 ¢.*13+1G > A (splice -
donor variant)
€1348+2 T > C (splice -
donor variant)
p-T491C 5/5
p-N1059MfsTer9 -
p.E803del -

East Asian 15.0 5.740 p.M1? -

p-H130Q 4/5
p.L592F 3/5
p.G1000S 5/5
p-W55CfsTer8 -

European (Finnish) 2.68 0.180 p-W205Ter -

p-N263S 5/5
p.H621P 3/5
p.Y67H 5/5
p.-T841RfsTer52 -

Middle Eastern 9.03 2.057 p.N263S 5/5

p.G1000S 5/5
p.S833Ter -
p-R785Q 5/5
p-M288T 5/5
European (non-Finnish) 717 1.294 p-N263S 5/5
p.A406E 3/5
p-1453V 5/5
c.*13+1G > A (splice -
donor variant)
p.L592F 5/5
Remaining 7.48 1.408 p-A406E 3/5
p.N263S 5/5
¢.*13+1G > A (splice -
donor variant)
p.1453v 5/5
p.Y67H 5/5
South Asian 8.24 1711 p.G1000S 5/5
p-M288T 5/5
p.D77H 2/5°
p.A378T 4/5
p.I736N 4/5

The consequences on native protein numbering are reported. *Missense variant functionally characterized. >95%
Confidence intervals for the global population only are (1.241-1.289).

Table 2: GeniE estimated prevalence of Aceruloplasminemia and most frequent mutations.

14

work (in the ClinVar database, p.G895A is indeed re-
ported with conflicting classifications of pathogenicity).

Discussion
In this study, a rational approach is presented that in-
tegrates aspects of CP genetics, genomics and func-
tional characterization to validate in-silico structural
analyses and predict mutant pathogenicity, with the ul-
timate goal of providing an approximation of ACP
prevalence (intended as birth prevalence throughout this
manuscript) in a real-world data population. This anal-
ysis, covering a set of candidate pathogenic CP variants
as well as known ACP mutations, demonstrated that
missense CP variants can impact protein function
without a major impact on protein levels. This is highly
relevant for ACP diagnosis as CP measurement in pa-
tients is often based solely on CP protein levels.”
Valuable insights into the role of key CP functional
residues were obtained in the process, and the infor-
mation gathered was used to develop a workflow
enabling the rational bioinformatics prioritization of
potentially pathogenic CP missense variants present in
gnomAD. Together with structural, LoF CP variants,
these potentially pathogenic CP missense variants were
leveraged for an assessment of ACP prevalence based on
real-world data. The resulting prevalence estimates were
up to 20-25 fold higher than current ACP prevalence
values (0.5/10° in the Japanese population?; 0.4/10° in
the global population'). In an unbiased orthogonal
approach (often employed to estimate prevalence of rare/
ultra rare diseases based on gnomAD gene variants;
e.g.,'*>%) prevalence estimates were also up to 16-fold
higher than current ACP estimates, in broad agreement
with the rationally obtained prevalence approximation.
Accurate prevalence estimates for autosomal reces-
sive rare and ultra-rare diseases represent a challenge,
particularly when no natural history studies are available
to provide important elements such as disease pene-
trance, phenotype penetrance (important for pleiotropic
phenotypes) and impact on mortality. In the absence of
detailed patient demographics data, an approximation of
prevalence may be achieved by analysing the number
and geography of diagnosed patients based on pub-
lished case reports, as recently reported for ACP.° This
approach exhibits numerous limitations, being affected
by the low rate of diagnosis and long patient journeys
associated with ultra-rare diseases, exacerbated by a lack
of awareness of ACP and the pleiotropic nature of its
clinical manifestations, which frequently results in
misdiagnoses (e.g., as haemochromatosis or Wilson
disease®*). Also, the rate of diagnosis depends largely
on the efficiency and organization of national Health-
care systems, which varies hugely amongst different
geographies.” The unprecedented availability of large-
scale genomic information potentially represents a
game-changer, as it provides information on all variants

www.thelancet.com Vol 113 March, 2025


http://www.thelancet.com

Articles

present in a population for a gene of interest irrespective
of the limitations of diagnosis, as indeed implemented
to estimate prevalence data for various ultra-rare dis-
eases (e.g.,'***). In one of these studies focussing on
NBIAs, " the global lifetime risk of ACP was estimated at
0.4 x 10° based on an earlier version of gnomAD (v2.1;
comprising ca. 140 K genomes and exomes). These re-
sults were obtained by considering all the variants
classified as “pathogenic” or “probably pathogenic” in
the ClinVar and HGMD (Human Gene Mutation
Database) databases up to 2021 and included mostly LoF
variants from gnomAD v2.1 and their internal database,
with only a small number of missense variants which
however represent >59% of known ACP mutations.®
The higher ACP prevalence estimate values obtained
in the present work may be explained by the larger
number of alleles available in gnomAD 4.1.0 (1.6 M
alleles from 807,162 individuals), ca. 5x the collective
allele dataset considered previously, likely resulting in a
smaller number of pathogenic/likely pathogenic CP
variants available for previous prevalence estimates.
Additionally, the use of a rational, experimental data-
driven approach for selecting pathogenic/likely patho-
genic CP variant alleles may have also contributed.
While LoF mutations have predictable impacts on gene
expression and/or function, missense variants still
represent a challenge because their effect on the bio-
logical activity and/or expression of a protein is not
immediately obvious. However, the potential impact of
missense substitutions on a protein function can be
addressed rationally if structural and functional infor-
mation is known, as is the case for CP. For instance, a
missense variant may have local or global impacts on
protein function by altering a functionally important
residue, active site, or structural features of the protein.
If this information is available, it is possible to catego-
rize the pathogenic potential of missense variants pre-
sent in a population. For ACP, relying on the impact of
missense variants on CP function to establish their
pathogenicity is particularly important, as loss of CP
activity is the only known fully penetrant phenotype,
while the pleiotropic clinical manifestations may be
misdiagnosed or overlooked (at least in the early stages
of the disease). In the present study, the potential
impact on CP enzymatic activity as a discriminator for
ACP has been applied to predict the pathogenic poten-
tial of missense CP variants, resulting in the identifi-
cation of 125 missense variants present in gnomAD
v4.1.0. The robustness of this workflow was demon-
strated by functional analysis of a subset of these vari-
ants in experiments aimed at determining their
expression, secretion, and activity. This analysis wholly
confirmed published data for all ACP missense variants
analysed and resulted in a true positive rate of 81% and
a true negative rate of 100%. Although a limitation of
the study is represented by the relatively low number of
variants experimentally analysed for sensitivity studies,
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Most stringent threshold set Less stringent threshold set
(LoF + Strong Missense™) (LoF + Moderate Missenseb)
n =248 n = 546
Genetic ancestry group Estimated Estimated Estimated Estimated
heterozygous prevalence heterozygous prevalence
frequency in 10> in 10° frequency in 10> in 10°
individuals (%) individuals () individuals (%) individuals (%)
Global 5.14 (1.51) 0.66 (0.057)! 9.27 (5.65) 2.17 (0.80)°
African/African-American 1.82 (1.23) 0.083 (0.038) 21.2 (20.6) 11.43 (10.81)
Latino/Admixed American  7.98 (2.40) 1.60 (0.14) 12.8 (7.21) 4.12 (1.31)
Ashkenazi Jewish 2.97 (0.47) 0.22 (0.006)  4.38 (1.89) 0.48 (0.09)
East Asian 3.57 (3.52) 032 (031)  9.28 (9.24) 2.17 (2.15)
European (Finnish) 3.80 (1.43) 0.36 (0.051) 5.55 (3.17) 0.77 (0.25)
Middle Eastern 1.70 (1.05) 0.073 (0.027)  8.60 (7.94) 1.86 (1.59)
European (non-Finnish) 5.76 (1.50) 0.83 (0.057) 8.56 (4.32) 1.85 (0.47)
Remaining 4.58 (0.99) 0.53 (0.025)  9.31 (5.75) 2.19 (0.83)
South Asian 1.52 (1.37) 0.058 (0.047) 10.9 (10.8) 3.03 (2.95)
Only predicted pathogenic variants with minor allele frequency <0.01 were included. *REVEL score >0.932.
PREVEL score >0.773. “In parentheses we reported the calculated estimates after removing the p.G895A variant.
995% Confidence intervals for the global population only are [0.646-0.682] (Most stringent threshold set) and
[2.14-2.20] (Less stringent threshold set).
Table 3: GeniE estimated prevalence of Aceruloplasminemia based on predicted pathogenic
gnomAD variants.

the approach can demonstrably identify variants with a
functional impact on CP, as well as those with no
obvious impact on function (e.g., the p.G895A variant).
These 125 missense CP variants with pathogenic po-
tential, together with 177 LoF variants, three missense
variants causing start/stop codon loss, 17 in-frame
deletion/insertion, and 2 ACP missense variants
(p-D77H and p.H343Y) constituted the dataset used for
prevalence estimate predictions. Leveraging 324 CP
variants from the latest gnomAD release (v4.1;
n = 807,162), GeniE estimated a prevalence of 12.6/10°
in the general population. This is up to 25-fold greater
than previous estimates, with values from 0.5/10° in the
Japanese population® to 0.4/10° variants in the general
population (based on gnomAD v2.1; n = 141,456)."
GnomAD allows stratification based on the ethnic
origin of genomes and exomes present in the database.
In the gnomAD version employed in this study (v4),
individuals of European ancestry represent 77% of the
total cohort, which therefore biases prevalence estimates
towards those found in individuals of European ancestry
and may render estimates for other ethnic groups less
representative (e.g., see®). Perhaps not surprisingly
given the ethnic composition of gnomAD, the preva-
lence of CP pathogenic variants in the gnomAD cohort
of European origin is 12.9/10° similar to the global
predicted prevalence of 12.6/10°. With the caveat of the
gnomAD dataset underrepresenting ethnicities of non-
European origin, the ethnic cohorts with the highest
predicted prevalence of CP pathogenic variants are those
from East Asia, Middle East and South Asia, with those
presenting the lowest predicted prevalence represented
by the Ashkenazi Jewish and African/African American
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populations. Interestingly, this study identifies the East
Asian cohort as the ethnic group with the highest pre-
dicted prevalence of pathogenic CP variants in gno-
mAD, somewhat consistent with Japan being the
country where ACP was first identified” and with the
highest number of diagnosed ACP patients.® ACP
prevalence estimates using an orthogonal, unbiased and
widely used approach yielded overall prevalence esti-
mates ranging from 6.64/10° (most stringent threshold
set; Table 3) to 21.6/10° individuals (less stringent
threshold set; Table 3). These estimates include the
relatively more frequent p.G895A variant, for which
there is conflicting evidence of pathogenicity and which
in our in-vitro system did not impair CP function. This
indicates that either its effects are manifested only
in vivo through as yet uncharacterized mechanisms, or
that other CP variants associated with p.G895A alleles
are responsible for the ACP phenotypes in patients. If
the p.G895A variant is removed from unbiased estimate
calculations, estimates of 0.57 (based on the most
stringent threshold) to 8.01/10° (based on the less
stringent threshold) are obtained. The prevalence esti-
mate of 8.01/10° is close to the global prevalence of
12.6/10° calculated using the rational, structure-
function informed approach (which did not include
the pG895A variant frequencies as this was not amongst
the 125 CP missense variants identified as potentially
pathogenic by our in-silico analysis). To emphasize the
significance of these findings, these estimates place
ACP in a range of prevalence comparable to that of most
rare bleeding disorders.” > Considering the experi-
mentally analysed missense CP variants, these were
selected as directly or closely associated with CP resi-
dues coordinating Cu®* or Fe?* ions (n = 5) and/or those
associated with ACP (n = 7, as controls), together with
examples of missense variants affecting the signal
sequence of CP (n = 4). The selected missense CP var-
iants have addressed three fundamental aspects of CP
biology, namely i) CP copper loading, impacting correct
folding and stability ii) CP enzymatic activity and iii) CP
secretion/intracellular trafficking. This functional anal-
ysis focuses on the soluble form of CP, which is the
major CP isoform expressed in the organism and one of
the more abundant plasma proteins (https://www.
proteinatlas.org/ENSG00000047457-CP /blood+protein).
In fact, most published studies characterizing ACP
mutant CP proteins from a functional perspective have
so far focused on the GPIl-anchored form of the pro-
tein.'®***> ACP has a clinical landscape characterised by
both central nervous system (CNS) and peripheral
phenotypes, including iron-restricted erythropoiesis
leading to anaemia,’ and systemically delivered
CP mitigates both CNS and non-CNS phenotypes in Cp-
KO mice (a translational in vivo model of human
ACP"). Therefore, it may be argued that functionally
analysing the impact of pathogenic and potentially
pathogenic CP variants on the soluble form of the

protein constitutes a more pathologically relevant
approach than focusing solely on the GPI-anchored
form. Indeed, CP plasma levels represent a key diag-
nostic marker for ACP.” Missense CP variants can
cause pathogenicity by impairing correct CP copper
loading and hence folding, stability, and activity (e.g.,
variants p.C338S and p.G650R) as well as by impairing
CP secretion (e.g., variants p.D77H and p.A350D). In
fact, decreased CP plasma levels due to impairment of
CP copper loading is eminently demonstrated in Wilson
disease, where variants in the copper loading trans-
porter ATP7b result in the expression of an incorrectly
folded CP and its rapid degradation (e.g., see”). Aside
from impacting copper loading, missense CP variants
could impact residues important for enzymatic activity
resulting in normal or near normal CP plasma protein
levels but decreased specific ferroxidase/oxidase activity.
To date, no ACP variant specifically leading to an
impairment of Ox/FeOx activity (i.e.,, without a
concomitant impact on CP folding and protein levels)
has been identified. It is noteworthy that the rational
approach presented here has identified a CP missense
variant present in the population (p.E990D; impacting a
residue directly coordinating Fe®*), with apparently
normal CP expression, secretion, and copper incorpo-
ration (as assessed by Holo-CP formation), but display-
ing a significant impairment of specific enzymatic
activity (down to 50% of WT rCP). With respect to CP
variants impacting CP activity but not folding/expres-
sion, the p.D1044N missense variant is of further in-
terest. Its apparent selectivity for FeOx activity, with little
or no effect on Ox activity, suggests that p.D1044N may
influence CP activity on a subset of its substrates,
differently from the p.E990D variant which impacts
both FeOx and Ox CP activity. Interestingly, separate
substrate binding sites have been identified in CP for
biogenic amines and aromatic amines.”! D1044 was
identified as a residue implicated in the binding site for
biogenic amines and is one of three residues implicated
in coordinating Fe?* binding (FeOx assay substrate;
Fig. 2a). Conversely, D1044 has no apparent involve-
ment in the structurally distant binding site for aromatic
amines, bound by p-phenylenediamine which is the Ox
assay substrate.”” This may explain the apparent selec-
tivity of the p.D1044N for the FeOX assay relative to the
Ox assay. If experimentally confirmed on CP’s proposed
non-Fe”* natural substrates (e.g., biogenic and aromatic
amines’’), p.D1044N would represent the first reported
example of a natural CP variant able to impact CP ac-
tivity in a substrate-selective fashion, with implications
as to the role of such substrate selectivity in CP’s
biology.

As low/absent CP levels in plasma are currently used
to support ACP diagnosis,” the measurement of CP
levels alone would identify carriers of CP variants lead-
ing to a lack of protein expression (including impaired
copper loading, as this CP would be unstable and

www.thelancet.com Vol 113 March, 2025


https://www.proteinatlas.org/ENSG00000047457-CP/blood+protein
https://www.proteinatlas.org/ENSG00000047457-CP/blood+protein
http://www.thelancet.com

Articles

degraded), but would fail to identify patients with vari-
ants resulting in unaltered CP levels (e.g., copper-
loading proficient) but impaired enzymatic activity.
Thus, measurement of CP-specific activity, as per-
formed throughout the present work, would provide a
more accurate diagnostic tool for ACP diagnosis.”” The
other functionally analysed missense CP variants dis-
played different levels of functional performance,
ranging from little or no impairment of secretion or
enzymatic activity, to almost complete loss of protein
function (p.H343Y and p.HG656R), similar to missense
mutants previously linked to ACP (p.C338S, p.G650R,
p-G708S, and p.G988S). Importantly, the p.H343Y and
p-H656R missense variants could produce an ACP
phenotype if present in an individual as homozygous or
compound heterozygous states with other LoF CP vari-
ants, as these mutants fail to incorporate Cu** during
CP biosynthesis, leading to the secretion of Apo-CP, a
protein that is inactive and has a short half-life in
plasma.”” The p.H343Y and p.H656R mutants, whose
pathogenic potential is we believe reported here for the
first time, are located in the type I Cu®*binding sites of
domains 2 and 4 (respectively), which were previously
thought to be non-essential for CP enzymatic activity.”**!
The present study critically demonstrates that even CP
residues associated with Cu?* type I ion coordination
are critical for Cu** incorporation and enzymatic activity
of CP (without impacting protein secretion), thereby
broadening our understanding of this protein. Aside
from copper loading/correct folding and enzymatic ac-
tivity, adequate secretion of CP is critical for attaining
physiological levels of circulating CP and oxidase/fer-
roxidase activity. Significantly, the data presented here
confirmed previous findings of substantial intracellular
accumulation and impaired secretion due to ER-to-Golgi
trafficking of two ACP variants, p.D77H and p.A350D.*
The SEL1L-HRD1 protein complex, which is part of the
endoplasmic reticulum ER-associated degradation pro-
cess, has been shown to degrade disease-causing mu-
tants of CP (i.e., p.G195R, p.G625E, p.G892E) and
prevent the formation of high-molecular-weight CP ag-
gregates.” It is possible that this mechanism intervenes
in the degradation of p.D77H and p.A350D, as their CP
concentrations in the media were too low to assess their
specific activity in spite of clearly detectable intracellular
expression. It has been reported that CP in the sera of
patients with homozygous p.A350D is barely detectable,
and a complete lack of serum CP was reported for
compound heterozygous p.D77H/p.Q711K.*”* There-
fore, even if fully functional, the residual circulating CP
from these mutants would be insufficient. CP secretion
was also impaired in two uncharacterized missense
variants impacting the signal peptide (p.A17D and
p-A19V, predicted to alter the cleavage site of the mature
CP protein) as well as in the p.G895A variant. Variations
in CP secretion efficiency, as presented here for these
variants, could contribute to the variability in plasma CP
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levels observed in the normal population.” As for the
p.G895A variant, conflicting reports have emerged
in the literature regarding its pathogenicity”****’;
however, this variant apparently displays normal Holo-
CP formation and catalytic activity, consistent with a
benign classification.

An important limitation of this study concerns the
difficulty in including the impact of disease penetrance
and mortality on prevalence estimates based on popu-
lation frequencies of CP pathogenic alleles. While
adequately powered natural history studies in ACP are
not available to address penetrance and mortality,
certain inferences can be drawn based on existing
knowledge of the disease and published ACP case re-
ports. ACP can be considered fully penetrant if the
primary discriminating phenotype causing the clinically
significant symptoms is taken into account (i.e., loss of
CP function due to structural or missense mutations in
the CP gene, causing neurological, hepatic, haemato-
logical, diabetes and retinal degeneration.®”’; These
clinical phenotypes are present (often simultaneously)
in all ACP patients, which are diagnosed based on the
presence in a combination of the symptoms.” Given
that progressive iron accumulation in various tissues
including brain and liver is invariably associated with
ACP,” it is plausible to assume that a majority of
individuals diagnosed with ACP on the basis of non-
neurological symptoms will eventually develop neuro-
logical symptoms as time progresses, consistent with
available patient data,® particularly because iron chela-
tion therapy does not address these symptoms.”” It is
therefore reasonable to assume that the penetrance of
neurological symptoms in ACP may be very high, with
most ACP patients eventually presenting with progres-
sive neurological deterioration caused by iron accumu-
lation in the brain. This is somewhat supported by the
only longitudinal study of a small set of ACP patients® as
well as by case reports analyses indicating that >70% of
ACP patients diagnosed for systemic symptoms even-
tually develop neurological symptoms.® As for mortality,
the absence of adequately powered longitudinal studies
is again an issue.” However, ACP is described as a
potentially fatal disease,* as progressive iron accumu-
lation in the brain and other tissues can cause prema-
ture death due to severe neurodegeneration as well as
heart or liver dysfunction, as described for NBIA dis-
orders.*’ In ACP, prognosis is considered poor once
neurological symptoms ensue,” and a diagnosis of ACP
can therefore be reasonably assumed to increase the
probability of premature mortality. Thus, it is plausible
to assume that CP variants leading to loss of CP activity
result in a high penetrance in terms of clinical symp-
toms, with a substantial impact on the life quality and
life expectancy of affected individuals, particularly when
neurological symptoms ensue. For pathogenic missense
variants, the impact on penetrance and mortality is
likely to be similar to that of structural variants when the
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resulting effect is loss of CP function, as for instance is
the case for a majority of the known and novel CP
pathogenic missense variants experimentally validated
in the present study. The impact of missense CP vari-
ants demonstrating a partial loss of function on symp-
toms penetrance and mortality is less clear, and this
represents a potential limitation for the prevalence es-
timates presented in this study. However, it is note-
worthy that our in-silico prioritization of potentially
pathogenic missense CP variants correctly excluded the
p-E990D and p.D1044N CP variants, which our experi-
mental analysis showed to cause partial loss of function,
as well as the p.G895A which in our hands had no effect
on CP activity. This suggests that, at least to some
extent, our approach can meaningfully discern between
complete and partial loss of function and that prevalence
estimates presented in this work are likely based mostly
on missense CP variants with a robust impact on CP
function.

Clearly, the estimation of disease prevalence for ultra-
rare diseases based on rare variant allele frequencies is
affected by many variables (e.g., sampling variance, dif-
ferences in algorithms and pathogenicity prediction tools
in terms of sensitivity and specificity, lack of sufficient
characterization in terms of disease penetrance and
mortality). However, and in conclusion, in spite of its
limitations this study represents a significant advance-
ment in understanding the genetic variability of CP in
relation to ACP susceptibility and highlights the need for
standardization in the toolkit used to study CP expression
and function. As for many rare diseases, the lack of
commutable reference proteins,*** qualified antibodies
(see for instance Supplementary Fig. S2) and standard-
ized assays represent an additional challenge, particularly
for clinicians working with patients, as well as for drug
discovery efforts aimed at identifying therapies. The ACP
community may benefit from the experience gained in
other rare neurodegenerative diseases where standard-
ized, qualified toolkits and assays have been developed,
qualified and made available to the research community
(e.g., in Huntington’s disease; https://chdifoundation.
org/research-tools-reagents/), with similar efforts imple-
mented in more common neurodegenerative conditions
(e.g., in Parkinson’s disease; https://www.michaeljfox.
org/research-tools).
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