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Abstract Idiopathic infantile hypercalcemia (IIH) is a mineral
metabolism disorder characterized by severe hypercalcemia, fail-
ure to thrive, vomiting, dehydration, and nephrocalcinosis. The
periodical increase in incidence of IIH, which occurred in the
twentieth century in the United Kingdom, Poland, and West
Germany, turned out to be a side effect of rickets over-prophy-
laxis. It was recently discovered that the condition is linked to
two genes,CYP24A1 and SLC34A1. The aim of the study was to
search for pathogenic variants of the genes in adult persons who
were shortlisted in infancy as IIH caused by Bhypersensitivity to
vit. D^. All persons were found to carry mutations in CYP24A1
or SLC34A1, nine and two persons respectively. The changes

were biallelic, with one exception. Incidence of IIH in Polish
population estimated on the basis of allele frequency of recurrent
p.R396WCYP24A1 variant, is 1:32,465 births. It indicates that at
least a thousand homozygotes and compound heterozygoteswith
risk of IIH live in the country. Differences in mechanism of
developing hypercalcemia indicate that its prevention may vary
in both IIH defects. Theoretically, vit. D restriction is a first
indication forCYP24A1 defect (which disturbs 1,25(OH)2D deg-
radation) and phosphate supplementation for SLC34A1 defect
(which impairs renal phosphate transport). In conclusion, we
suggest that molecular testing for CYP24A1 and SLC34A1 mu-
tations should be performed in each case of idiopathic hypercal-
cemia/hypercalciuria, both in children and adults, to determine
the proper way for acute treatment and complications prevention.
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hypersensitivity . Biallelic mutations .CYP24A1 . SLC34A1 .
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Introduction

Idiopathic infantile hypercalcemia (IIH) first received atten-
tion in the 1950s in the UK because of a sudden increase in the
incidence. A number of years passed until it turned out to be a
side effect of a just started program of rickets prophylaxis.
Reducing vitamin D (vit. D) food supplementation normalized
the situation (Samuel 1964).

We experienced a similar Bendemic^ condition in the 1970s
in Poland (Pronicka et al. 1985), in the period of commonly
administered so called Bperiodic^ vit. D dosage (300,000 units,
3 times per year). The same phenomenon was observed in
Eastern Germany (Misselwitz et al. 1990). At least 36 infants
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with IIH from the entire country were treated in our pediatric
reference centre (Pronicka et al. 1985, 1988, 1997; Rowińska
et al. 1998). During the normocalcemic phase of the disease, on
continuous vit. D restriction, we found relatively high 25-
hydroxyvitamin D (25OHD) and 1,25-dihydroxyvitamin D
(1,25(OH)2D) concentrations. The condition was named
Bhypersensitivity to vitamin D^, to distinguish it from
Williams syndrome and from other, non-vitamin D sensitive
IIH types (Pronicka et al. 1988, 1997). Autosomal recessive
inheritance was anticipated, with frequency about 1:60,000
births.

Genetic inheritance of the IIH was confirmed only recently
by the discovery of two responsible genes CYP24A1 and
SLC34A1 (Schlingmann et al. 2011, 2016). Biallelic mutations
in these genes have a completely different mechanism leading to
(causing) hypercalcemia (Fig. 1). In the first CYP24A1 defect,
hypercalcemia is directly caused by impaired degradation of
1,25(OH)2D (Schlingmann et al. 2011). In the SLC34A1 defect,
hypercalcemia is a sequel of primary loss of phosphate in the
kidney followed by downregulation of FGF-23, which in-turn
leads to increased vit. D activity (Schlingmann et al. 2016).

The aim of the study was to search for pathogenic variants
of CYP24A1 and SLC34A1 in adult persons who were
shortlisted in infancy as Bhypersensitive to vit. D^. The ma-
jority of them were described in childhood (Pronicka et al.
1985, 1997; Misselwitz et al. 1990).

Patients and methods

There were two criteria for the study recruitment: (1) historical
diagnosis of Bvit. D hypersensitity^ and (2) current adult age
of the invited patients. Informed consent for DNA analysis
was given by 11 patients out of 17 (64.7%) to whom a regis-
tered letter of invitation was successfully delivered.

All 11 patients included in the study were qualified as Bvit.
D hypersensitive^ depending on the common features used by
us in the 1970–1990s, as follows: (1) temporal link between
appearance of hypercalcemia and administration of vit. D; (2)
low PTH level (exclusion of hyperparathyroidism); (3) in-
creased echogenicity of renal pyramids on ultrasound; (4)
sustained tendency to hypercalcemia; (5) immediate response
to steroid treatment, and/or low calcium diet. They presented
in infancy with loss of appetite, failure to thrive, arrest in
psychomotor development, constipation, and dehydration.
Some patients needed several months of hospital treatment.
Over childhood, the patients remained under the care of the
calcium-phosphate clinic (ER) in our institute for 2–18 years
(median value 14 years). Gradual normalization of clinical
status and catch up in growth were observed after recovery
from the episode of hypercalcemic decompensation in infan-
cy. During the development period some of the children need-
ed orthopedic intervention and rehabilitation due to mild dys-
plastic changes of hips, knees or feet. Management, at that

Fig. 1 Simplified scheme of hypothetical regulation of calcium-phosphate balance in vitamin D overload status
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time, included: permanent withdrawal of vit. D supply and sun
protection, dietary calcium restriction, and increased fluid in-
take. Despite the above prophylaxis, the 25-OHD concentra-
tion maintained within high/normal limits, and laboratory data
showed a tendency to hypercalcemia, hypercalciuria, and rel-
atively low phosphate levels throughout childhood (Table 1).

In nine patients Sanger sequencing analysis was carried out
in Muenster according to the protocol described previously
(Schlingmann et al. 2011, 2016). In two patients (P7 and P9)
next-generation sequencing (NGS) was conducted. NGS was
performed on a HiSeq 1500 using TruSight One Sequencing
Panel (Illumina) according to the manufacturer’s instructions.
Generated reads were aligned to the hg19 reference human
genome. The detected variants were annotated using
Annovar (Wang et al. 2010) and converted to MS Access
format for final manual analyses. Bioinformatics analysis
was performed as previously described (Ciara et al. 2016).
Alignments were viewed with Integrative Genomics Viewer
v.2.2.79 (Robinson et al. 2011). Mutation numbering was
based on the cDNA sequence (human CYP24A1, GenBank
NM_000782.4; human SLC34A1, GenBank NM_003052.4)
according to the guidelines of Human Genome Variation
Society (HGVS, www.hgvs.org/mutnomen).

Molecular analysis was performed after obtaining written
informed consent.

Results and discussion

At the study beginning, all patients were working or studying.
They were in very good health and without complaints. Mean
weight, height, and body mass index (BMI) were respectively
180.7 ± 10.1 cm, 83.4 ± 31.6 kg, and 25 ± 7 for males and
164.7 ± 2.6 cm, 63.7 ± 9.1 kg, and 23.5 ± 3.8 for females.
Three patients were under the control of nephrologist in the
place of residence, due to sustained nephrocalcinosis (stable
from infancy). Urolithiasis and progressive renal failure, re-
ported in IIH (Molin et al. 2015) did not occur in any of the
patients included in molecular study. Serum creatinine con-
centration measured in two patients was at bordeline of the
control values (1.29, 1.13 mg/dl).

The results of molecular studies are shown in Table 1. In all
11 adults, the historical diagnosis of IIH was confirmed at the
molecular level with 100% compliance. We detected patho-
genic variants in one of two genes studied, CYP24A1 in nine
patients and SLC34A1 in two remaining ones. The latter sub-
set was already included in the original publication
(Schlingmann et al. 2016).

In CYP24A1, two novel variants c.107del (p.P36Lfs*11) and
c.1157 + 1G > A (p.?) as well as five known variants
[c.428_430del (p.E143del), 443 T > C (p.L148P), c.964G > A
(p.E322K), c.1186C > T (p.R396W), c.1226 T > C (p.L409S)]
were identified in homozygous or compound heterozygous state

(Table 1). Missense variant p.R396W occurred in seven of nine
CYP24A1mutated persons (11/18 alleles; four homozygotes and
three compound heterozygotes). Previously this variant, found in
four of 1024 control alleles, was annotated as putative polymor-
phism; however, it finally concluded as pathogenic
(Schlingmann et al. 2011).

Four p.R396W alleles were found in 588 samples (1176
alleles) from general Polish population. Based on this data
the frequency of p.R396W allele was calculated as 0.0034
(0.34%; 1:294). Using the Hardy-Weinberg’s law the frequen-
cy of p.R396W carriers in the Polish population was estimated
as 0.0068 (0.68%; 1:147). Taking into account that p.R396W
make up approximately 61.1% of CYP24A1 alleles, overall
carrier frequency for all mutation in CYP24A1 was calculated
as 1.11% (1:90). Thus, the expected incidence of CYP24A1
deficient IIH in Poland was estimated as 1:32,465 births (with
0.95 confidence interval). A thousand potentially affected
CYP24A1 deficient persons may be living in the country.

The study group of IIH, at start considered genetically ho-
mogeneous, turned out to be divided in two. Laboratory data
was re-analyzed in two subsets of patients, withCYP24A1 and
of SLC34A1 defects. Age of onset, total/daily vitamin D dose,
duration of hypercalcemia, prednisone treatment, milk free
diet, calcium/phosphate concentrations and excretion,
25OHD, 1,25(OH)2D, and PTH levels were assessed separate-
ly (Table 1). We were not able to identify any unequivocal
feature useful to distinguish CYP24A1 from SLC34A1 defect
at presentation of hypercalcemia in infancy. Only two poten-
tially important differences have to be mentioned: (1) the pre-
viously reported finding that 25OHD concentration in IIH
probands, carriers of two mutated variants, was twice as high
as in their parents, carriers of a single mutated allele
(Rowińska et al. 1998), was observed only in the families with
CYP24A1 defect, (2) kidney stones were found in one father
of an IIH proband (Rowińska et al. 1998) with SLC34A1
defect. Unfortunately those old findings are anecdotal (data
no longer available) and have to be verified in the future study.

Despite the fact that, in the light of present knowledge, our
historical diagnosis of Bhypersensitivity to vitamin D^ is correct
for both, the CYP24A1 and the SLC34A1 defects, the identical
treatment options may require a revision. We may speculate,
e.g., that the long-term calcium restriction and vit. D avoidance
might be incorrect and possibly harmful for the patients with
SLC34A1 defect (P10 and P11). Alternative treatment with
phosphates supplementation should be considered and evaluat-
ed. By the way, increased phosphate intake was recommended
constantly for our patients with IIH, and was even tested in a
short experiment (Rowińska et al. 1998), however no differ-
ences in response to phosphates between individual patients
were observed and no conclusions were then attained.

This lack of laboratory difference is likely due to strict
control of the calcium-phosphate homeostasis to avoid the
negative effects of vitamin D excess on concentration of both
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calcium and phosphate during mineralization. In such a situa-
tion the optimal condition for mineralization requires feed-
back reaction in the direction opposite to primary genetic de-
fect (e.g., calcium absorption in SLC34A1 and phosphate re-
absorption in CYP24A1). As a result, the final effect of elevat-
ed 1,25(OH)2D is similar in both SLC34A1 and CYP24A1
defects (Fig. 1). It seems obvious, however, that counteracting
the consequences of both defects may be different; hence, the
need to establish the molecular background of IIH is crucial,
not only in infants but also in adults. Our study indicates that
the IIH defect is relatively frequent, and if not detected, is
potentially dangerous also for adults.

The discovery of the association between IIH and the muta-
tions in SLC34A1 and CYP24A1 genes opened a new research
area. Several questions are under investigation, among them:

1. Are CYP24A1 and SLC34A1 defects neutral for health if
vit. D is not excessively supplemented?

2. Whether and how CYP24A1 and SLC34A1 mutations
contribute to modifying bone growth and calcification;
are they involved in nephrolithiasis development?

3. Whether benefits of long-term calcium/vit. D restriction in
IIH infants outweigh adverse events in case of CYP24A1
and SLC34A1 mutations?

4. What is the actual prevalence of CYP24A1 and SLC34A1
mutations and what is the risk throughout life of being a
carrier of biallelic mutations in these genes?

5. How often do these defects in the population occur, and if
indeed there are any ethnic differences?

6. Whether and on what basis can CYP24A1 and SLC34A1
mutations in these defects be distinguished without mo-
lecular testing (e.g, measure of 24OHD)?
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