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Abstract

Background and objectives: CYP24A1 encodes a 24-hydroxylase involved in vitamin D catabolism, whose loss-of-
function results in vitamin D-dependent hypercalcemia. Since the identification of CYP24A1 variants as a cause of 
idiopathic infantile hypercalcemia, a large body of literature has emerged indicating heterogeneity in penetrance, 
symptoms, biochemistry, and treatments. The objectives of the present research work were to investigate the clinical 
heterogeneity of the disease, the possibility of a relevant phenotype for monoallelic carriers, and to compare the 
hypocalcemic effect of the available therapies.
Methods: Two reviewers searched different databases for studies published between the identification of CYP24A1 
variants and December 31, 2020. Eligible studies included clinical trials and reports describing carriers of CYP24A1 
variants.
Results: Fifty eligible studies were identified, accounting for 221 patients. Genetic data were retrieved and allele 
frequencies were calculated. Acute hypercalcemia was the typical presentation during the first year of life (76%, P = 
0.0005), and nephrocalcinosis was more frequent in infancy (P < 0.0001). Pregnancy was associated with symptomatic 
hypercalcemia in 81.8% and high rates of obstetric complications. Monoallelic carriers displayed significant rates of 
nephrolithiasis (19.4%), nephrocalcinosis (4.9%), and symptomatic hypercalcemia (5.6%).
Conclusions: CYP24A1 loss-of-function results in an age-dependent phenotype, which can be exacerbated by triggering 
factors, such as pregnancy. Although biallelic carriers present more significant clinical and biochemical features, 
monoallelic carriers have an increased risk of calcium-related conditions. The highly variable tested therapeutic 
approaches did not allow to draw conclusions on preferable therapeutic regime.

Introduction

The cytochrome-P450 24 subfamily A member 1 (CYP24A1) 
gene encodes for 24-hydroxylase enzyme responsible for 
the catabolism of 25-hydroxyvitamin D3 [(25(OH)]D3 and 
1α,25-dihydroxyvitamin D3 [1,25(OH)2D3] (1). CYP24A1 
loss-of-function may result in increased 1,25(OH)2D3 
concentrations and, consequently, increased serum 
calcium concentrations (2). Although often neglected, 
CYP24A1 pathogenic variants (PVs) should be considered 

in the differential diagnosis of hypercalcemia, which is 
a commonly encountered condition, with an estimated 
prevalence of 1/500 patients in the outpatient setting (3). 
Hypervitaminosis D as a cause of hypercalcemia is often 
associated with low-to-undetectable parathormone (PTH) 
concentrations and may be due more often to vitamin 
D intoxication but even to granulomatous diseases and 
abnormalities of vitamin D metabolism (2). In 2011, 
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CYP24A1 loss-of-function mutations were identified 
as a cause of idiopathic infantile hypercalcemia (IIH, 
OMIM 143880) (4), a rare condition presenting with 
failure to thrive, vomiting, dehydration, nephrolithiasis/
nephrocalcinosis and, sometimes, death following the 
intake of vitamin D as a prophylaxis for rickets in children 
(5). The term IIH is now considered a misnomer (6), as 
specific loss-of-function mutations in CYP24A1, SLC34A1 
and Williams-Beuren syndrome are known to cause 
hypercalcemia across the lifespan (7).

Since its first description, many patients carrying 
CYP24A1 PVs have been identified worldwide (8, 9). 
However, due to the rarity and general unawareness of 
this condition, most of the published literature consists 
of case reports or small case series. In addition, the 
published literature is highly heterogeneous, particularly 
regarding the clinical course of the disease and, mostly, 
its management. Finally, there are many issues that are 
still unsolved and which require a careful evaluation, 
such as the clinical heterogeneity of the syndrome and 
the possibility of triggering factors, the need for long-
term therapies for patients with homozygous/compound 
heterozygous (biallelic) PVs (2) and the presence of a 
clinically relevant phenotype for patients who harbor a 
heterozygous (monoallelic) PV (8, 10).

The aims of the present descriptive systematic review 
were: (i) to describe the genetic landscape of CYP24A1 
PVs; (ii) to provide insight on the clinical and biochemical 
phenotype of subjects carrying biallelic CYP24A1 PVs; (iii) 
to compare patients carrying biallelic and monoallelic 
CYP24A1 PVs with the aim to analyze whether the latter 
may present a relevant phenotype and (iv) to compare the 
efficacy of different therapies in reducing serum calcium.

Methods

This descriptive systematic review was performed following 
the Preferred Reporting Items for Systematic Reviews and 
Meta-analysis (PRISMA) statement (11).

Eligibility criteria

We included articles written in English reporting single 
reports or case series or clinical trials of patients carrying 
CYP24A1 PVs. We excluded reports of patients affected 
by typical clinical and biochemical features of IIH or 
other forms of vitamin D-dependent hypercalcemia, for 
whom the genetic analysis of the CYP24A1 gene was not 
performed or failed to identify any PV. We excluded studies 

that did not provide the clinical and/or biochemical 
features of their study populations. We excluded reviews, 
editorials and commentaries.

Data sources

We searched MEDLINE through Pubmed, Scopus, the 
Cochrane Library and EMBASE for papers published 
from 2011 August (when CYP24A1 mutations were 
reported as a possible cause of IIH (4)) to December 31, 
2020. The keywords ‘CYP24A1’, ‘hypercalcemia’ and 
‘idiopathic infantile hypercalcemia’ were used in various 
combinations. The research was extended to the reference 
lists of the selected papers and of relevant reviews. We 
excluded duplicate studies and patients reported more 
than once.

Study identification

Two reviewers (D.C. and A.B.) screened titles and abstracts, 
independently and in duplicate. Subsequently, each 
reviewer assessed the eligibility of the studies through 
full-text screening. The disagreement was resolved by 
discussion and consensus with two other authors (C.M. 
and F.C.).

Data collection

The reviewers performed data extraction separately and 
in duplicate, using a standardized form. The following 
information, when available, were extracted: (i) study 
specifications: authors, journal, year of publication, 
authors’ country, study design, number of patients 
included; (ii) patients’ demographics: age onset of 
clinical symptoms, age at molecular diagnosis of 
CYP24A1 PVs, sex, ethnicity; (iii) patients’ clinical 
features: genotype, presenting symptoms, past medical 
history for symptomatic hypercalcemia (i.e. symptoms 
suggestive of hypercalcemia reported for IIH patients, 
including gastrointestinal manifestations, polyuria/
polydipsia, dehydration, neurological and cardiological 
manifestations, weight loss and failure to thrive) and/or 
nephrolithiasis/nephrocalcinosis and current or previous 
pregnancy; (iv) patients’ biochemical data: calcium, 
phosphate, PTH, vitamin D metabolites (25(OH)D, 
1,25(OH)2D, 24,25(OH)2D and 1,24,25(OH)3D, if available), 
25(OH)D/24,25(OH)2D ratio, creatinine and 24-h urinary 
calcium and (v) management of hypercalcemia, including 
the type of medication used and the calcium variations 
following such therapies.
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For each CYP24A1 PV identified, we calculated the 
allele frequency in the published literature and searched 
the frequency in the general population in The Genome 
Aggregation Database (gnomAD v2.1.1) and evaluated 
the pathogenicity as reported in ClinVar, Leiden Open 
Variation Database (LOVD3), Human Gene Mutation 
Database (HGMD Public) or as classified according to the 
American College of Medical Genetics (ACMG) criteria.

For the purposes of the present study, the biochemical 
data were expressed using conventional units; standard 
reference ranges were taken into account with the purpose 
to facilitate the readability of the results, as reported (12, 13). 
With the aim to compare PTH concentrations assayed using 
different kits, we divided the reported PTH concentration 
by the upper limit of normal reference range (PTH-ULN) 
provided by the manufacturer or by the laboratory, thus 
obtaining a ratio (PTH/PTH-ULN). Many of the published 
studies did not specify the assay used for vitamin D 
metabolite measurements and did not provide any insight 
on their ability to discriminate between vitamin D3 and total 
vitamin D (vitamin D3 and D2). However, given that routine 
assays for vitamin D cannot discriminate between vitamin 
D3 and D2, we used the term vitamin D to describe these 
measurements. Details about the available vitamin D assays 
used for the included study are available upon request.

Statistical analysis

Continuous data were described by median and 
interquartile range (IQR). Mann–Whitney U test was used 
to compare dichotomous variables, and Kruskal–Wallis 
test was used to compare multiple variables. Categorical 
variables were described as number and percentage 
(%) and were compared using chi-squared test. Linear 
regression analysis was used to identify correlation 
between serum total calcium concentration and age. 
We reported the hypocalcemic therapeutic effect of the 
pharmacological treatments as percent reduction of serum 
calcium concentrations following therapy. Differences 
were considered significant at P < 0.05. Statistical analyses 
were performed with SPSS version 23 (SPSS).

Results

Characteristics of the included studies

Details of the selection process are reported in Fig. 1 as a 
PRISMA diagram chart. The initial literature screening 
identified 115 studies; after exclusion of articles not written 
in English and articles types that were not of interest (i.e. 

reviews, editorials and commentaries), 78 full-text articles 
were assessed for eligibility. Among those, 28 articles were 
excluded because they failed to identify CYP24A1 PVs 
as the specific cause of hypercalcemia, did not provide 
detailed information of their study populations or were 
based on clinical data that had been already published and 
included. Finally, 50 articles were included in the analysis, 
accounting for a total of 221 patients (4, 6, 7, 8, 9, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 
34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 
51, 52, 53, 54, 55, 56, 57, 58).

The genotype of the study population

The identified CYP24A1 PVs are shown in Supplementary 
Table 1 (see section on supplementary materials given at 
the end of this article). Of the 221 patients identified, 136 
(61.5%) harbored biallelic (either homozygous (n = 56, 
41.2%)) or compound heterozygous (n = 77, 56.6%)) 
variants, and 85 (38.5%) monoallelic variants. For three 
patients, details regarding the specific CYP24A1 PVs were 
not indicated: however, two of them were identified as 
homozygotes (29) and one as compound heterozygote 
(46). The features of each PV and its frequency both in 
the included literature and in the general population are 
reported in Table 1. The most commonly encountered 
CYP24A1 PVs were the p.Glu143del and p.Arg396Trp, 
which are notoriously associated with IIH since the 
first identification of CYP24A1 loss-of-function as its 
cause (4), and which together account for about half of 
the reported PVs. The other PVs were mostly anecdotal, 
with 16 PVs reported just once and 12 PVs reported just 
twice. The allelic frequencies estimated in the general 
population by gnomAD Exomes frequency varied from 
0.000003977 to 0.008697.

Clinical and biochemical features of the 
study population

Table 2 reports the clinical and biochemical features of the 
patients. The median age at the onset of clinical symptoms 
was 4 (IQR 0.5–19.5) years, which was significantly earlier 
(P < 0.0001) that the median age at molecular diagnosis (22 
years, IQR 4–35). As shown in Fig. 2, both the age distributions 
presented a first peak in the early infancy, with most pediatric 
patients diagnosed in the first year of life, and a second peak 
thereafter in the adulthood. Serum calcium concentrations 
increased, with significant seasonal variations in most of 
the few patients evaluated for this feature. Hypercalcemia 
was associated with reduced/undetectable serum PTH levels. 
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Figure 1
PRISMA flow diagram for the selection process of the study included in the systematic descriptive review.
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Table 1 Pathogenic variants features and frequency.

Pathogenic variant

Type of 
mutation Clinical significance1

Alleles 
#2

Frequency in 
the study 

population
Allele frequency 
gnomAD v.2.1.1

Protein change 
(NP_000773)

Transcript position 
(NM_000782)

p.Glu143del c.428_430delAAG Inframe 
deletion

Pathogenic 93 0.261 0.0005165

p.Arg396Trp c.1187C>T Missense Pathogenic 84 0.235 0.0007041
p.Leu409Ser c.1226T>C Missense Pathogenic 31 0.087 0.0007399
p.Leu148Pro c.443T>C Missense Pathogenic 18 0.050 0.0001451
p.Arg223* c.667A>T Stop-gain Pathogenic 12 0.034 0.00001591
p.Arg439Cys c.1315C>T Missense Pathogenic 11 0.031 0.00003890
p.Arg396Gln c.1187G>A Missense Pathogenic 10 0.028 0.00006723
p.Met374Thr c.1121T>C Missense Benign 8 0.022 0.008697
p.Trp210Arg c.628T>C Missense Pathogenic 6 0.017
p.Arg157Trp c.469C>T Missense Uncertain significance 5 0.014 0.001857
– c.732+1G>A Splice donor Pathogenic 5 0.014 0.000007954
– c.845-2A>G Splice 

acceptor
Pathogenic 5 0.014 0.00001415

p.Pro21Argfs*8 c.62delC Frameshift Pathogenic 4 0.011 0.00003164
p.Ser334Valfs*9 c.999_1006delCAGTCTAA Frameshift Pathogenic 4 0.011 0.00007425
p.Lys351Asnfs*21 Frameshift Pathogenic 4 0.011
- Deletion exon 9-113 Large 

deletion
Pathogenic 4 0.011

p.Cys380Arg c.1138T>C Missense Pathogenic 3 0.008
p.Trp134Gly c.400T>G Missense Pathogenic 2 0.006 0.00001593
p.Glu151* c.451G>T Stop-gain Pathogenic 2 0.006
p.Trp268* c.804G>A Stop-gain Likely pathogenic 2 0.006 0.000003977
p.Glu322Ala c.965A>C Missense Pathogenic 2 0.006
p.Glu322Lys c.964G>A Missense Pathogenic 2 0.006 0.00003889
p.Ala327Val c.980C>T Missense Pathogenic 2 0.006 0.00003191
p.Leu335Profs*11 c.1003dupC Frameshift Pathogenic 2 0.006
p.Val403Phefs*15 c.1206del Frameshift Pathogenic 2 0.006
p.Gly456Arg c.1366G>C Missense Pathogenic 2 0.006 0.000007954
p.Ala475fs*4904 c.1424_1425delCT Frameshift Pathogenic 2 0.006
p.Cys477fs c.1426_1427delCT Frameshift Pathogenic 2 0.006 0.000003977
p.? [Large deletion] c.1233_*7606del Large 

deletion
Pathogenic 2 0.006

p.Pro36Leufs*11 c.107delC Frameshift Uncertain significance 1 0.003 0.000005675
p.His83Asp c.247C>G Missense Uncertain significance 1 0.003

c.449+1G>T Splice donor Pathogenic 1 0.003 0.00003186
p.Trp155* c.464G>A Stop-gain Pathogenic 1 0.003 0.000003979
p.Arg159Gln c.476G>A Missense Pathogenic 1 0.003 0.00002786
p.Tyr220* c.660T>A Stop-gain Pathogenic 1 0.003
p.Met253Lys c.759G>T Missense Pathogenic 1 0.003 0.000007954
p.Glu315* c.943G>T Stop-gain Pathogenic 1 0.003
p.Thr330Met c.989C>T Missense Pathogenic 1 0.003 0.00007424
p.Glu383Gln c.1147G>C Missense Pathogenic 1 0.003 0.00007158
– c.1157+1G>A Splice donor Pathogenic 1 0.003
p.Pro389Leu c.1166C>T Missense Pathogenic 1 0.003 0.000003983
p.Pro437His c.1310C>A Missense Uncertain significance 1 0.003 0.00001989
p.Glu469Alafs*22 c.1406_1407del Frameshift Pathogenic 1 0.003
p.Leu474Trpfs*102 c.1421delT Frameshift Pathogenic 1 0.003 0.000007954
p.Pro503Leu c.1508C>T Missense Pathogenic 1 0.003 0.00005582
Unknown 6 0.017

1Clinical significance according to ACMG criteria, according to the latest interpretations, when available; 2Alleles # is the number of alleles published by 
articles included in the current systematic review; 3Deletion exon 9–11, as reported by Castanet et al. (18) without the transcript consequence; HGMD 
database CG136112; 4p.Ala475fs*490 was originally reported by Schlingmann et al. (4) but was subsequently identified as p.Cys477Leufs*14, as reported 
on dbSNP.
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Serum 25(OH)D and 1,25(OH)2D3 concentrations displayed 
a high variability, however most were in the normal 
reference range established by the laboratories. Conversely, 
serum 24,25(OH)2D3 was more often reduced, and 25(OH)
D/24,25(OH)2D3 ratio was always elevated in patients with 
confirmed biallelic mutations in CYP24A1, confirming this 
parameter as a valuable screening tool for the identification 
of affected patients. The most common manifestation was 
nephrolithiasis (88%), which often was associated with 
nephrocalcinosis (64.7%). Symptoms of hypercalcemia 
were present in 42.3% of patients, often with dehydration 
and polyuria/polydipsia, failure to thrive, vomiting and 
abdominal pain, neurological symptoms (such as dizziness, 
confusion, seizures). Of the 11 patients presenting with 
cardiac-specific symptoms, seven had arterial hypertension, 
three had rhythm disturbances and one a combination  
of both.

Comparison according to age

Serum calcium concentrations were negatively correlated 
with age both in patients carrying biallelic (R2 = 0.224, 
P < 0.0001) and monoallelic CYP24A1 PVs (R2 = 0.273, 
P < 0.0001).

Patients carrying biallelic CYP24A1 PVs were divided 
into three age groups (group A: <12 months; group B: 1–17 
years; group C: ≥18 years) and compared for their clinical 
and biochemical features, as shown in Table 3. Compared 
to the other age groups, the clinical phenotype of group 
A patients was more often characterized by symptomatic 
hypercalcemia (76% vs 37.5% in group B and 31.4% in group 
C, P = 0.007 and P = 0.0001, respectively). The incidence 
of nephrolithiasis was not different according to the age 
groups; however, nephrocalcinosis was associated with 
the younger groups (group A 95.7%, group B 83.3%, group 

Table 2 Clinical and biochemical features of patients affected by biallelic CYP24A1 variants.1

Patients with biallelic mutations (n = 136)2

Sex, males (n = 130) 73 (56.2%)
Age at the onset of clinical symptoms, years (n = 81) 4 (0.5–19.5)
Age at the molecular diagnosis, years (n = 125) 22 (4–35)
Total calcium, mg/dL (n = 128) 11.5 (10.5–14)
Phosphate, mg/dL (n = 79) 3.5 (2.9–4.4)
Calcium/phosphate ratio (n = 77) 3.3 (2.6–4)
Magnesium, mg/dL (n = 11) 2 (1.8–2.1)
PTH, pg/mL (n = 118)3 4.2 (2–8)
PTH/PTH-ULN ratio (n = 105) 0.057 (0.028–0.110)
25(OH)D, ng/mL (n = 120) 45.7 (33.8–63.1)
1,25(OH)2D, pg/mL (n = 105) 78 (56.4–102.5)
24,25(OH)2D, nmol/L (n = 41) 0.6 (0.2–1)
25(OH)D/24,25(OH)2D ratio (n = 38) 150.3 (92.1–202.9)
Urinary calcium, mg/24 h (n = 27) 350.3 (140.3–350.3)
Creatinine, mg/dL (n = 46) 1 (0.6–1.2)
Seasonal variations in serum calcium concentrations (n = 13) 11 (84.6%)
Nephrolithiasis (n = 117): 103 (88%)
 Nephrocalcinosis 75 (64.7%)
Symptomatic hypercalcemia (n = 130) 55 (42.3%)
Presenting symptoms
 Vomiting
 Polyuria/polydipsia
 Dehydration
 Abdominal pain
 Failure to thrive
 Weight loss
 Neurological symptoms
 Cardiac symptoms
 Pancreatitis
 Worsening renal function

10
16
12

2
20
13
18
11

2
7

1Results are expressed as median and interquartile range for continuous variables and as number and percentage for categorical variables. The figures 
in brackets of the first column indicate the number of patients with available information; 2Standard reference ranges referring to the conventional 
normality ranges reported in the general literature (12, 13) are the following: serum total calcium 8.7–10.2 mg/dL; serum phosphate 2.5–4.2 mg/dL; 
serum calcium/phosphate ratio < 3.5; serum magnesium 1.5–2.3 mg/dL; 25(OH)D 30-100 ng/mL; 1,25(OH)2D 20-67 pg/mL; 24,25(OH)2D 1.3–13.5 nmol/L; 
25(OH)D/24,25(OH)2D ratio 5–25; urinary calcium <300 mg/24 h; serum creatinine 0.5–1.2 mg/dL; 3PTH reference ranges were not reported for the high 
variability in PTH measurements provided by different generation assays; instead PTH/PTH-ULN was calculated (see text for details).
PTH, parathyroid hormone; PTH-ULN, upper limit of normality for parathyroid hormone assay.
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C 43.3%, P < 0.0001). Serum total calcium and 25(OH)
D concentrations were higher in patients <12 months 
(P = 0.001 and P = 0.009, respectively, when compared 
to group B, and P < 0.0001 and P = 0.0004, respectively, 
when compared to group C), without differences between 
patients aged 1–17 and ≥18 years (P = 0.145 and P = 0.790, 
respectively). The 25(OH)D/24,25(OH)2D3 ratio was not 
different according to the age groups (P = 0.916).

Pregnancy in patients carrying biallelic 
CYP24A1 variants

Symptomatic hypercalcemia was reported in 20 pregnancies 
over the 25 identified in the literature (80%), often 
presenting during the pregnancy, more often during the 
second or third trimester at a gestational median age of 23 
(IQR 15–29) weeks or even post-partum (28, 52), up to 27 days 
following delivery (median 5 days, IQR 3–14). Pregnancy 
was associated with worse clinical and biochemical features 
(28, 32, 37, 40, 49, 50, 52, 53, 54), as shown in Table 4. 
Pregnant women often presented severe hypercalcemia at 
diagnosis (median serum total calcium 13.6, IQR 11.6–15.1), 
with calcium concentrations significantly higher than 
the other patients carrying CYP24A1 biallelic PVs outside 
pregnancy matched for age and sex (P = 0.003). Information 
about serum calcium concentrations before pregnancy was 
available only for seven pregnancies: in such cases, serum 
calcium concentrations increased with a mean of 2.36 (± 
0.39) mg/dL (P = 0.0009).

Frequent manifestations of gestational hypercalcemia 
included neurological and cardiological symptoms: among 
the former confusion (28) up to altered mental status (40) 
and seizures (52, 54), whereas among the latter gestational 
arterial hypertension, which was reported in 10 pregnancies, 
preeclampsia/eclampsia, which was reported in four 
pregnancies (32, 49, 52), and rhythm disturbances (40, 52). 
Two pregnancies were complicated by acute pancreatitis 
(37). Of the 20 pregnancies complicated by symptomatic 
hypercalcemia, 11 (55%) underwent spontaneous delivery, 
7 (35%) labor induction, and 2 (10%) spontaneous abortion.

Comparison between patients carrying biallelic 
and monoallelic variants

Patients with biallelic variants displayed higher serum 
calcium, 25(OH)D and 1,25(OH)2D concentrations, 
and 25(OH)D/24,25(OH)2D ratio, and lower PTH and 
24,25(OH)2D concentrations (for all the comparisons, 
P < 0.0001 except for 1,25(OH)2D, P = 0.024) compared 
to patients with monoallelic variants (Table 5). Although 

Figure 2
Age distributions of patients affected by biallelic CYP24A1 
mutations. Both age at the onset of clinical symptoms and age at 
molecular diagnosis of CYP24A1 PVs are shown. On top, column 
charts of the age distributions: for this purpose, patients’ ages 
were divided in 5-year intervals. For each chart, the first column 
on the left refers to patients aged less than 5 years: we show an 
internal distribution, by differentiating between those whose age 
was younger than 1 year (striped part) and those whose age was 
between the first and the fifth year (filled part). Below, box-and-
whisker plots representing the age distributions: the central box 
represents the values from the lower to the upper quartile (25th 
to 75th percentile) and the middle line represents the median; 
the vertical lines extend from the 10th to 90th percentile.
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the incidence of any clinical manifestation was 
significantly lower in patients with monoallelic variant 
(P < 0.0001), 19.4% of such patients had a personal history 
of nephrolithiasis (with nephrocalcinosis in 4.9%), and 
5.6% presented symptomatic hypercalcemia. The results 
were confirmed in specific age subsets, as shown in 
Supplementary Table 2.

Response to different medical therapies

The approach to hypercalcemia was highly different 
among the studies. Behavioral approaches included 
hydration, vitamin D supplementation withdrawal, 
low-calcium diet. The most frequent therapies included 
azoles (either ketoconazole (16, 22, 23, 26, 30, 46) or 
fluconazole (31) or itraconazole (56)) as modulators of 
CYP27B1 activity, rifampin (43) as CYP3A4 inducer; 
bisphosphonates (pamidronate (9, 21, 28, 48, 50, 52, 
55, 56), risedronate (56), zoledronate (52)), denosumab 
(52), glucocorticoids (17, 21, 26, 28, 31, 48, 52, 53, 54); 
calcitonin (28, 37, 40, 48, 50, 55) and cinacalcet (35, 56). 
One patient underwent hemofiltration (17), and two 
patients underwent parathyroidectomy (35, 56).

Supplemental Table 3 shows the effects of different 
medications (either used alone or in combination) on 
serum calcium concentrations. The available data were 
more often derived from scattered reports, with a substantial 
inhomogeneity in the reported hypocalcemic effects. The 
study by Macdonald et al. (53) was separated from the other 
studies reporting the effects of glucocorticoids administration 
since the reported patient received prednisone during 
pregnancy, a context when such medication presents 
particular pharmacokinetics and metabolism.

When considering those patients who received a 
combination of different therapies, it was not possible 
to understand the actual contribution of each single 
medication in the overall therapeutic effect; the same could 
be argued when considering patients who received a single 
medication altogether with other therapeutic measures, 
such as hydration, whose entity could be highly variable 
from the oral fluid administration (6) to the vigorous 
intravenous fluid administration (50, 52).

Discussion

Hypercalcemia due to CYP24A1 loss-of-function is a 
rare condition, which may present with subtle clinical 
manifestations or with overt clinical symptoms induced 
by different triggers, such as pregnancy and vitamin D 
supplementation (2).Ta
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The actual prevalence of CYP24A1 PVs in the general 
population is unknown, since epidemiological data are 
scarce: an early study reported minor allele frequencies 
varying from 0.001 to 0.075, thus resulting in an estimate 
of total deleterious minor allele frequency of 0.140 (22). 
By taking together the estimated allele frequencies in 
gnomAD and the possibility of clinical phenotype even 
in patients harboring monoallelic PV, it is possible to 
speculate that a wider awareness of the disease would 
result in a significant increase in the identification of 
such patients. Moreover, a wider awareness of the disease 
could result in narrowing the significant difference 
between the time of the first clinical manifestations 
and the time of molecular diagnosis, which resulted 
particularly broadened in this study, maybe owing to the 
fact that most patients received diagnosis of idiopathic 
hypercalcemia far before the identification of CYP24A1 
PVs as a cause of IIH.

The published literature shows that patients harboring 
biallelic CYP24A1 PVs present a PTH-independent 
hypercalcemia highly variable in its severity, usually 
associated with hypercalciuria and with substantially 
normal serum phosphate. Seasonal variations in serum 
calcium concentrations were present in the majority of 
the few patients tested for this aspect (25); however, it is 
not possible to exclude that the latter result was biased by 
the small number of studies that reported a longitudinal 
follow-up before treatment, thus resulting in an 
overestimate. Both 25(OH)D and 1,25(OH)2D3 did not prove 
useful for evaluating the presence of the 24-hydroxylase loss 
of function, often being within the normal range. We note 
that many values were close to the upper end of the normal 
ranges established by the National Health and Nutrition 
Examination Survey (59) and by the Institute of Medicine 
(60). Similarly, the calculation of the Ca/P ratio was not useful 
in this setting since most of the patients displayed a ratio 

Table 4 Comparisons between adult female patients with biallelic CYP24A1 variants according to pregnancy.1

Adult females with biallelic variants during 
pregnancy (n = 12)

Adult females with biallelic variants outside 
pregnancy (n = 19) P

Age (years) 28 (20.3–32) 33 (23–39) 0.187
Total calcium (mg/dL) 13.6 (11.6–15.1) 10.9 (10.3–11.8) 0.003
Phosphate (mg/dL) 3.2 (3–3.8) 3.4 (2.9–4.1) 0.967
PTH (pg/mL) 3 (0–6) 4.9 (2.9–9.3) 0.115
PTH/PTH-ULN ratio 0.05 (0–0.19) 0.06 (0.04–0.11) 0.434
25(OH)D (ng/mL) 40.1 (32.2–51.4) 37.5 (31.7–57.5) 0.697
1,25(OH)2D (pg/mL) 114 (87.5–168.5) 80.2 (58.2–111.2) 0.023
Nephrolithiasis 8/12 (66.7%) 12/12 (100%) 0.029
Nephrocalcinosis 4/11 (36.4%) 6/12 (50%) 0.510
Symptomatic hypercalcemia 9/11 (81.8%) 5/19 (26.3%) 0.003

1Results are expressed as median and interquartile range for continuous variables and as ratio (number of cases over the number of patients for whom 
the information was available) and percentage for categorical variables. The two groups were not compared for 24,25(OH)2D and 25(OH)D/24,25(OH)2D 
ratio, since these parameters were available only for two and one patients, respectively, presenting during pregnancy.

Table 5 Comparisons between patients with biallelic CYP24A1 mutations and patients with monoallelic CYP24A1 variants.1

Patients with biallelic variants Patients with monoallelic variants P

Age (years) 21 (1.5–33.5) 29 (9.5–50.5) 0.012
Sex, male 73/130 (56.2%) 41/85 (48.2%) 0.255
Total calcium (mg/dL) 11.5 (10.5–14) 9.7 (9.5–10.1) <0.0001
Phosphate (mg/dL) 3.5 (2.9–4.4) 3.5 (2.9–4.4) 0.786
PTH (pg/mL) 4.2 (2–8) 25.2 (15.8–37.6) <0.0001
PTH/PTH-ULN ratio 0.06 (0.03–0.11) 0.43 (0.24–0.58) <0.0001
25(OH)D (ng/mL) 45.7 (33.8–23.1) 30.2 (20.8–37.2) <0.0001
1,25(OH)2D (pg/mL) 78 (56.4–102.5) 67 (46.1–81.4) 0.024
24,25(OH)2D 0.6 (0.2–1) 3 (1.6–4.8) <0.0001
25(OH)D / 24,25(OH)2D ratio 150.3 (92.1–202.9) 16.5 (13–23) <0.0001
Urinary calcium (mg/24 h) 350.3 (140.3–450) 289 (207.6–348.7) 0.338
Nephrolithiasis 103/117 (88%) 12/62 (19.4%) <0.0001
Nephrocalcinosis 75/116 (64.7%) 3/61 (4.9%) <0.0001
Symptomatic hypercalcemia 55/130 (42.3%) 4/72 (5.6%) <0.0001

1Results are expressed as median and interquartile range for continuous variables and as ratio (number of cases over the number of patients for whom 
the information was available) and percentage for categorical variables.
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in the range suggestive for primary hyperparathyroidism 
(61), as indicated in Table 2. While not widely available, 
simultaneous measurement of 25(OH)D and 24,25(OH)2D3 
and calculation of the 25(OH)D/24,25(OH)2D3 ratio 
have been proven to be useful screening tools (8). The 
hypercalcemia frequently mild outside triggering moments 
such as infancy or pregnancy, the absence of clear laboratory 
clues in the general examinations, the fact that the proposed 
screening tools are not widespread and the unavailability of 
the genetic analysis in peripheral contexts may make the 
diagnostic process difficult.

Two different phenotypes in patients carrying biallelic 
PVs emerged according to the patient’s age: infants, 
particularly when presenting in their first year of age, 
presented a more severe biochemical phenotype and 
more often the classic manifestations of symptomatic 
hypercalcemia. Conversely, older infants and adults were 
often affected by mild-to-moderate hypercalcemia and 
recurrent nephrolithiasis. An age-related phenotypic switch 
was early reported, and was speculatively ascribed to the 
progressive development of tissue resistance to vitamin D 
over time, which blunts the hypercalcemic response in the 
adults but not in the infants (14). Pregnancy constitutes per 
se a physiologic perturbation of vitamin D homeostasis and 
is associated with important clinical manifestations in the 
adulthood. As a matter of fact, pregnancy is associated with 
increased 1,25(OH)2D3 concentrations due to enhanced 
production by renal and placental 1α-hydroxylase (62), 
especially in the third trimester. CYP24A1 is particularly 
expressed in the placenta, and the inability to enhance 
24-hydroxylase expression due to CYP24A1 loss-of-function 
may result in an imbalance between the active vitamin D 
metabolites and its catabolites (32). Interestingly, compared 
to other female patients outside pregnancy, pregnant 
women presented higher 1,25(OH)2D3 concentrations 
(P = 0.023), whereas the same comparison was not statistically 
significant when we compared patients according to their 
age (P = 0.367). We wonder whether this latter finding may 
be indicative of the above-mentioned theory according 
to whom the different sensitivity to vitamin D may 
explain the different biochemical and clinical age-related 
phenotype (14), whereas a simple imbalance between 
vitamin D production and degradation in the setting of 
a similar sensitivity to vitamin D may explain the clinical 
features reported during pregnancy. The incidence of 
pregnancy losses is estimated to be 15% of the conceptions 
in the general population (63), with significant differences 
according to the women’s age (for instance early pregnancy 
losses are reported to range from 10% in women in their 20s 
to 51% in women in their 40s) (64) and to the gestational 

period, so that late losses constitute about 4% of pregnancy 
outcomes (65). Both the pregnancy losses reported in the 
analyzed literature were experienced by women who were 
20 years old and took place after the 20th gestational week 
(37, 40); if confirmed in larger cohorts, a 10% pregnancy loss 
rate in this setting would be considered increased compared 
to the one reported in the general population. Given the 
high chance of obstetric complications, patients should 
be carefully informed and counseled before planning 
a pregnancy. Vitamin D supplementation withdrawal 
proved effective in avoiding symptomatic hypercalcemia in 
repeated pregnancies (53): as a consequence, this strategy 
should be carefully considered.

A point of debate in the published literature is 
represented by the comparison between patients harboring 
biallelic and monoallelic CYP24A1 PVs (8, 57). Given the 
absence of clinical manifestation in their patients harboring 
monoallelic PV, some authors postulated an autosomal 
recessive inheritance (23, 33), whereas others identified an 
overt phenotype even in these subjects, thus postulating 
a dominant inheritance pattern (16, 36). However, the 
available data of patients carrying monoallelic PVs were 
mainly derived from studies collaterally involving relatives 
of index patients with biallelic PVs (6). The results of the 
current systematic review identified a milder biochemical 
and clinical phenotype in the monoallelic PV carriers. Of 
note, their serum calcium concentrations were in the upper 
part of the normal reference range, if not overtly above the 
upper limit of normality in about a quarter of them (9.7 mg/
dL, IQR 9.5–10.1); conversely, both PTH and 25(OH)D were in 
their normal range. This result was particularly evident in the 
subset of patients < 18 years, where serum calcium reached 
10.6 mg/dL (10.1–11.3) as indicated in Supplementary 
Table 2. Moreover, the percentage of monoallelic PV 
patients with nephrolithiasis was 19.4%, which is higher 
than the one reported in the general population. Three 
patients harboring monoallelic PV presented symptomatic 
hypercalcemia (8, 16), but this finding was not confirmed in 
other studies (6, 33, 57). A major limitation of the current 
literature about CYP24A1 PVs is constituted by the lack of 
case–control studies, analyzing the differences between 
patients harboring one or two copies of the PVs and matched 
WT subjects. Our results seem to confirm the hypothesis 
of a ‘dose-dependent’ gene effect, as speculated by some 
authors (10). However, in our opinion, this issue cannot be 
solved by comparing patients harboring biallelic mutations 
with those harboring monoallelic mutations, as already 
attempted (16, 33). We believe that the comparison should 
be made between monoallelic patients and WT controls, 
as we recently reported after comparing a large family with 
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many members carrying a monoallelic CYP24A1 PVs with 
other WT relatives and spouses sharing the same genetic 
and environmental background (57). This study concluded 
that patients carrying monoallelic CYP24A1 PVs presented 
an ‘intermediate’ phenotype between biallelic carriers and 
WT subjects.

The management of hypercalcemia due to CYP24A1 
variants should distinguish between an acute approach, 
aimed at a prompt reduction/normalization of serum 
calcium concentrations, and a maintenance approach, 
aimed at maintaining serum calcium concentrations stably 
within its range (2, 6). A comparison between the different 
therapies should take into account the following limitations: 
(i) the unavailability of randomized controlled trials or 
case–control studies performed on large cohorts, since the 
published clinical data often consist in scattered reports 
for most of the proposed medications; (ii) most patients 
actually received a combination of different medications (or 
a single medication altogether with fluid administration or 
other behavioral measures such as vitamin D supplement 
withdrawal, low-calcium diet, etc.), so it is not possible to 
understand the contribution of the single medication on 
the overall effect size of the therapeutic combination; (iii) 
within the same therapeutic class, the specific treatments 
may be inhomogeneous in terms of single medication and its 
dosage (e.g. for bisphosphonates pamidronate, zoledronate 
and risedronate had been used); (iv) the inhomogeneity 
of the studies when taking into account the timing of the 
hypocalcemic effect exerted by the administered therapy.

Moreover, a thorough exploration of the efficacy of 
the different proposed therapies should not be limited 
to the analysis of the hypocalcemic effect exerted in the 
acute phase but should be extended to an evaluation of the 
maintenance of normal serum calcium concentrations in 
the long-term, altogether with other therapeutic targets, 
such as the degree of hypercalciuria or the progression of 
nephrocalcinosis.

Data about parathyroidectomy are limited to two 
reports (35, 56), both of which reported the coexistence 
of vitamin D-dependent hypercalcemia and primary 
hyperparathyroidism. The question of whether this was 
a casual association or CYP24A1 mutations are associated 
with an increased risk of primary hyperparathyroidism 
remains to be elucidated.

The relatively small number of patients included 
represents one limitation of the present study. However, 
the possibility of considering such number of patients 
allowed us to draw conclusions that were not reachable by 
considering the single case reports or the small case series. 
Furthermore, the heterogeneity of the published reports 

implied that many studies lacked significant data or that 
the available data were difficult to compare.

Broadening the awareness of this disease as a possible 
cause of hypercalcemia will improve the timely diagnosis 
of these patients (6, 26, 57). Moreover, with the aim to 
eliminate any possible bias, randomized clinical trials should 
be done to test the effectiveness of different treatments of 
hypercalcemia due CYP24A1 loss-of-function. Finally, we 
should improve the way we educate our patients to pay 
attention to risk factors such as vitamin D supplementation, 
particularly during early infancy and pregnancy.
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