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Hypomagnesemia with secondary hypocalcemia (HSH) is a rare inherited disease, characterised by
neurological symptoms, such as tetany, muscle spasms and seizures, due to hypocalcemia. It has been
suggested that HSH is genetically heterogeneous, but only one causative gene, TRPM6, on chromosome 9
has so far been isolated. We have now studied the genetic background of HSH in four Polish patients
belonging to three families, and a HSH patient carrying an apparently balanced X;9 translocation. The
translocation patient has long been considered as an example of the X-linked form of HSH. We identified
six TRPM6 gene mutations, of which five were novel, in the Polish patients. All the alterations were either
nonsense/splicing or missense mutations. The clinical picture of the patients was similar to the HSH
patients reported earlier. No genotype–phenotype correlation could be detected. Sequencing did not
reveal any TRPM6 or TRPM7 gene mutations in the female HSH patient with an X;9 translocation. Isolation
of the translocation breakpoint showed that the chromosome 9 specific breakpoint mapped within
satellite III repeat sequence. The X-chromosomal breakpoint was localised to the first intron of the vascular
endothelial growth factor gene, VEGFD. No other sequence alterations were observed within the VEGFD
gene. Even though the VEGFD gene was interrupted by the X;9 translocation, it seems unlikely that VEGFD
is causing the translocation patient’s HSH-like phenotype. Furthermore, re-evaluation of patient’s clinical
symptoms suggests that she did not have a typical HSH.
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Introduction
Hypomagnesemia with secondary hypocalcemia (HSH;

MIM# 602014) is a rare inherited disorder, which leads to

affected electrolyte balance during early infancy. The

disease is characterised by very low serum magnesium

and calcium concentrations. The primary impairment is

thought to be in intestinal magnesium absorption (re-

viewed by Cole and Quamme1), but there is also evidence

of defects in renal magnesium handling.2 Patients have

neurological symptoms, including tetany, muscle spasms

and seizures, due to hypocalcemia. These symptoms can be

inhibited by lifelong high oral intakes of magnesium.3 The

disease may be fatal if untreated.
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It has been suggested that HSH is genetically hetero-

geneous. The preponderance of reported male patients, and

the X;9 translocation female patient with HSH, favoured X-

chromosomal recessive inheritance.4,5 The linkage study by

Walder et al6 localised the disease gene to 9q12–q22.2, and

recent findings have confirmed that HSH is caused by

mutations in an autosomal gene, TRPM6, on 9q21.13.2,7

The TRPM6 gene consists of 39 exons spanning over a

region of 166 kb.2,7 It is expressed in intestinal epithelia

and kidney tubules, with highest expression in distal

convoluted tubule (DCT), which is the main site of active

transcellular magnesium reabsorption in nephrons. The

gene encodes a protein of 2022 amino acids with predicted

ion channel domain and carboxy-terminal protein kinase

domain. The TRPM6 protein belongs to the transient

receptor potential (TRP) channel family,8 with highest

sequence similarity to TRPM7. TRPM7 is an ubiquitously

expressed calcium and magnesium permeable cation

channel.9,10 TRPM6 and TRPM7 are both unusual bifunc-

tional proteins that contain C-terminal a-kinase domain

fused to an ion channel.11 It has been shown that the two

proteins interact with each other.12 TRPM6 is unable to

form functional channel complexes alone. It requires

TRPM7, most probably by the means of hetero-oligomer-

isation, for trafficking and assembling to the cell surface.

In this study we have analysed the TRPM6 gene in three

Polish families with hypomagnesemia and secondary

hypocalcemia, as well as isolated the X-chromosomal

breakpoint of the female HSH patient with a balanced

translocation, t(X;9)(p22;q12).5

Materials and methods
Patients, controls and cell lines

Our study material consisted of four Polish HSH patients,

belonging to three families with nonconsanguineous

unaffected parents (Figure 1).3 Diagnosis of HSH was based

on abnormal low serum calcium and magnesium levels, as

well as characteristic neurological symptoms including

tremor of extremities followed by seizures and convulsions

within 2–6 weeks of birth. The three oldest affected

children of the Family 1 had died at young age. DNA was

extracted from blood samples using standard procedures.

The research followed the tenets of the Declaration of

Helsinki.

A female patient, manifesting HSH and carrying a de novo

translocation 46,XX, t(X;9)(p22;q12), was also included in

this study.5 In addition to HSH, the patient showed

dysmorphic facial features, microcephaly and psychomo-

tor retardation. We used an Epstein–Barr virus-transformed

lymphoblastoid cell line, which originated from the female

translocation patient. We had also access to DNA, originat-

ing from a human–mouse hybrid cell line, which retains

the derivative X chromosome as the only human chromo-

some.13 DNAs from 100 healthy blood donors were used as

normal control samples.

Mutation screening

Four Polish HSH patients, and the female HSH patient with

a translocation, t(X;9), were included in mutation analysis.

All the 39 exons of the TRPM6 gene and seven exons of the

VEGFD gene were analysed. The exons and the flanking

intronic sequences were PCR-amplified from genomic

DNA. Single-stranded conformation analysis (SSCA) was

used to detect sequence alterations in amplified exons as

described earlier.14 All the exons of the TRPM6 gene were

also analysed by direct PCR sequencing (ABI310, Applied

Biosystems, Foster City, CA, USA), as well as the exons of

the VEGFD gene of the translocation patient. The 39 exons

of the TRPM7 gene were sequenced only from the

translocation patient.

As not all of the identified sequence alterations showed

band shifts in SSCA, in some cases control samples were

checked by conformation-sensitive gel electrophoresis15

(mutation c.1437C4A) or mini sequencing16 (mutations

c.1060A4C and c.1134þ5G4C).

Isolation of the translocation breakpoint
STS mapping The X-chromosomal translocation break-

point had previously been mapped between the markers

DXS16 and DXS207, DXS43.13 We used the STSs of the YAC

contig of this region to narrow down the breakpoint

region.17 DNA from the hybrid cell line was used as a PCR

template. PCR conditions have been published earlier.17

After the translocation breakpoint had been localised to

a one YAC clone, this clone was used as a probe to screen

X-chromosome specific cosmid library filters (ICRF).18 New

STSs were obtained by sequencing the end-clones of the

cosmids of the region. BLAST search was applied to find

sequenced clones from Genbank database.

Genome walking A PCR-based DNA walking method19

was used for detailed identification of the breakpoint

(Genome Walker Kit, BD Biosciences, San Jose, CA, USA).

Five different adaptor-ligated libraries were constructed of

the hybrid cell line DNA according to manufacturer’s

instructions. Two primers, GSP1 (50-GTATCTACATCCT

CACTCTTCTCTCATTC-30) and GSP2 (50-TGGGGAAAGC

CAGCCTTCATAAATCTTTT-30), were designed close to the

breakpoint region, which was established by STS mapping.

PCR amplifications were performed with GSP1/2 and

adaptor primers AP1/2 and the products were sequenced.

1. 2. 3.

Figure 1 The pedigrees of three Polish HSH families. Filled squares
represent affected males, filled circles affected females, and open
symbols unaffected individuals.
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FISH analysis

Routine chromosome preparations were made from the

lymphoblastoid cell line of the patient. The karyotype of

the translocation patient has been published earlier.13 To

confirm that the X;9 translocation is the only chromoso-

mal rearrangement, multicolour FISH was performed

according to manufacturer’s instructions (VYSIS/Abbott

Laboratories). FISH studies were also performed to confirm

that both a YAC and a cosmid clone, which span over the

breakpoint, hybridise to the normal X chromosome and

both the translocation X chromosomes. The YAC

yWZD2764 and the cosmid ICRFc104O087 were labelled

with biotin 11-dUTP by nick-translation (Boehringer

Mannheim GmBh, Mannheim, Germany) and hybridisa-

tions were performed as described elsewhere.17,20

Results
Clinical data

Detailed clinical description of the patients is given in

Table 1. The clinical picture of the Polish patients did not

differ from the HSH patients described earlier.3,7 However,

the clinical picture of the translocation patient was slightly

different from HSH. Patient’s hypocalcemic convulsions

had started only 48h after birth,5 whereas in HSH patients

convulsions appear at the age of two weeks or later.3,7

Furthermore, in HSH both the erythrocyte and serum

Mg2þ concentrations are decreased, while translocation

patient’s erythrocyte Mg2þ concentration was normal in

spite of the decreased serum Mg2þ values.5

Mutation analysis of the TRPM6 and TRPM7 genes

Mutation analysis of the TRPM6 in three Polish families

revealed six nucleotide substitutions, of which five were

novel (Table 2). All the patients were compound hetero-

zygotes for the TRPM6 gene mutations. Two of the

mutations were located within the consensus sequence of

the 50 donor splice site, the other four were in the coding

region. None of the six sequence alterations could be seen

in two hundred control chromosomes.

Table 1 Clinical and biochemical characteristics of hypomagnesemic patients and patients reported in the literature

Serum Mg2+ (mmol/l) Serum Ca2+ (mmol/l)

Patient/group
Age of onset
(first seizures)

Age of
diagnosis/start
of treatment

Before
treatment

During Mg2+

supply mean +,
range

Before
treatment

During Mg2+

supply mean +,
range

Mg2+ daily
requirement

(mg)

Patient 1, family 1, girl Asymptomatic 3 days 0.40 0.7370.10
(0.53–0.84)

2.06 2.5470.12
(2.36–2.70)

100

Older sister of Patient 1,
proband

4 weeks 3 months 0.24 NA 1.80 NA 30

Patient 2, family 2, boy 2 weeks 15 months 0.19 0.6070.13
(0.45–0.82)

1.40 2.3870.09
(2.20–2.47)

35

Patient 3, family 2, girl 2 weeks 2.5 months 0.17 0.4170.10
(0.52–0.88)

1.19 2.4670.10
(2.32–2.73)

35

Patient 4, family 3, girl 4 weeks 2.5 months 0.16 0.6570.13
(0.29–0.84)

1.54 2.4670.14
(1.83–2.70)

30

Patient 5, girl with X;9
translocation

48h 22 days 0.25 NA 1.65 NA 47.4

HSH boys (19)a 5 weeks NA 0.2570.24 NA 1.51 NA 40 (12–159)
HSH girls (13)a 4 weeks NA 0.2470.28 NA 1.49 NA 51 (29–196)
HSH infantsb 3–9 weeks NA 0.08–0.41 NA NA NA NA
Control values F F 0.7–1.2 0.7–1.2 2.25–2.65 2.25–2.65 F

aMean data of reported cases according to Pronicka and Gruszczynska 1991.
bAccording to Schlingmann et al (2002).
NA¼not available.

Table 2 TRPM6 mutations in Polish patients with HSH

Nucleotide exchange Location Consequence Family Novel or reported by

c.521T4G exon 5 p.Ile174Arg 2 Novel
c.1060A4C exon 9 p.Thr354Pro 2 Novel
c.1134+5G4C 50ss of intron 9 Splicing mutation 1 Novel
c.1437C4A exon 12 p.Tyr479Stop 1 Novel
c.2009+1G4A 50ss of intron 16 Splicing mutation 3 Walder et al (2002)
c.2120G4A exon 17 p.Cys707Tyr 3 Novel

ss¼ splicing site.
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The X;9 translocation patient did not have a mutation in

the TRPM6 gene. Since TRPM6 can form hetero-oligomeric

channel complexes with the TRPM7,12 the TRPM7 gene

was also considered as a candidate gene for the disease of

the X;9 translocation patient. Sequencing of the coding

region of TRPM7 did not, however, reveal mutations.

Breakpoints of the X;9 translocation

Since no TRPM6 or TRPM7 gene mutations were identified

in the female HSH patient carrying the balanced t(X;9)

(p22;q12) translocation, we decided to isolate the chromoso-

mal breakpoints to see whether the translocation interrupted

an important gene. Multicolour FISH analysis confirmed that

the metaphases of the lymphoblastoid cell line of the HSH

patient contained an X;9 translocation (Ideogram of the

translocation is shown in Figure 2). No other structural

anomalies could be identified (data not shown).

The X-chromosomal breakpoint had previously been

localised between the markers DXS16 and the cluster

DXS207, DXS43 on Xp22.13 On chromosome 9, the

breakpoint had been mapped between the markers

D9S1844 and D9S273, located on 9q12.6 The same hu-

man–mouse hybrid cell line was used in this and previous

mapping studies. We were able to narrow down the

X-chromosomal translocation breakpoint to a small interval

with the use of STSs of the YAC contig,17 cosmid clone

screening, end clone isolation and BLAST searches. FISH

analysis, which was performed on patient’s lymphoblastoid

cell line, confirmed that both the YAC yWZD2764 and

cosmid ICRFc104O087 spanned over the translocation

breakpoint in Xp22 (data not shown). The end clones of

the cosmid (positive for the marker DXS207) were

sequenced to obtain new STSs, which further confirmed

that the cosmid spans over the translocation breakpoint.

BLAST search revealed another cosmid clone, U27H1

(Genbank accession no. U69570), which was positive for

the marker DXS207 and already completely sequenced.

Genbank database search showed that the cosmid con-

tained segments of two genes: three last exons and the

30 utr of PIRIN,21 and the 50 utr and the first exon of vascular

endothelial growth factor gene, VEGFD22–24 (Figure 3a).

The sequence of the U27H1 cosmid was used to design

new PCR primers to further narrow down the translocation

breakpoint region. DNA from the hybrid cell line was used

as a PCR template. The STSs 6A and 6B were found to be the

closest flanking sequences of the breakpoint. The STS 6A

could be amplified from the derivative X chromosome and

it was located o1kb from the breakpoint. We continued

with Genome walking strategy and identified a PCR

product that included both X chromosomal and chromo-

some 9 specific sequence (Figure 3c). The X-chromosomal

translocation breakpoint was localised to the first intron of

the VEGFD, 3341 kb distal to the first exon (Figure 3b). The

chromosome 9 specific breakpoint mapped within satellite

III repeat sequence (50-AATGG-30) and thus made it

impossible to continue genome walking.

Mutation screening of theVEGFD gene

SSCA screening, followed by direct PCR sequencing, did

not reveal any sequence alterations in the coding region of

the VEGFD gene of the female HSH patient with an X;9

translocation. The four Polish HSH patients did not have

mutations in the VEGFD gene (SSCA screening only).

Discussion
Magnesium homeostasis in mammals depends on the

balance between Mg2þ absorption in the intestine and

Mg2þ excretion by the kidney. Intestinal magnesium

absorption occurs via two different pathways, active

transcellular transport and passive paracellular transport.25

The first protein found to be involved in the active

magnesium absorption is TRPM6. Immunofluorescence

studies have located the TRPM6 protein specifically to

the brush-border membrane of the small intestine and the

apical membrane of DCT in the kidney,26 which are the

main epithelia regulating Mg2þ homeostasis. TPRM6

requires it’s closest homolog, TRPM7, for trafficking to
Figure 2 Partial karyogram showing the X;9 translocation. The
location of the TRPM6 gene is shown on chromosome 9.
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the cell membrane.12 It has been shown that TRPM6

interacts directly with TRPM7 to form functional channel

complexes on the cell surface. In patients with HSH,

mutations in TRPM6 disrupt the transcellular Mg2þ

transport. However, treatment with high oral doses of

magnesium is sufficient to suppress the symptoms by

increasing nonsaturable paracellular magnesium absorption.

In this study, we report five new TRPM6 gene mutations

in patients with HSH. Two of the mutations lead to

inactivation of the protein, by either destroying a splice

site or causing a premature stop codon. The three other

mutations were missense mutations leading to amino-acid

substitutions. Two of these missense mutations lead to

change of amino acid that is conserved between all human

TRPM proteins (Figure 4). The transversion c.521T4G

causes a hydrophobic isoleucine to be replaced by a

hydrophilic arginine. The transition c.2120G4A, causes a

sulphur-bond forming cysteine to be replaced by an

aromatic tyrosine, and thus probably affects the stability

of TRPM6 protein. The third missense mutation,

c.1060A4C, results in substitution of a threonine residue,

which is conserved only within the closests members of the

TRPM family (Figure 4). This mutation potentially leads to

a change in bending of the TRPM6 polypeptide in

Xpter Xcen

 PIR VEGFDPIGA

yWZD2764

U27H1

DXS207PIGA-5' STSs

YAC

Cosmid

Genesa

Translocation breakpoint

c

b VEGFD

exon 1exon 2

PIR

exon 10 exon 9

Translocation breakpoint

~ 20 kb ~ 350 bp ~5 kb

~ 3,3 kb

X-chromosomal sequence adjacent to the breakpoint:

Xcen 
...AATGAAGACATGTCACTATTGCAACAAAGGAATACCAGGCCATAGTAGGCTTTCAC
AACTTTTTTCTGACAGAATTTGTTTCTTTCTGCTTTATCTTCCCT /

-BREAKPOINT-

Normal X-chromosomal sequence 
continues:

/GTGTACTGTCTTTTTTTATCCACCCTC
TTTCTTAATTACACTGGTAGAAGAATAT
TGGTGGGTGATGGAGTCATTCACAT…
Xpter

Translocated chromosome 9 sequence 
continues:

/TTGATTCCATTCCCTTCCATTCCATTC
CATTCCATTCCTTTCCATTCCATTCCAT
TCCATTCTATTCCGGTTAATTCCA…
9qter

Figure 3 (a) The location of the translocation breakpoint on X chromosome in relation to the YAC clone yWZD2764, the cosmid clone U27H1, the
STS markers DXS207 and PIGA-50, and the genes PIGA, VEGFD and PIR. The picture is not drawn to scale. (b) The translocation breakpoint was localised
to the first intron of VEGFD gene. (c) The nucleotide sequences surrounding the translocation breakpoints.

Genetic background of HSH
R Jalkanen et al

59

European Journal of Human Genetics



consequence of replacement of uncharged threonine by a

cyclic proline. It is still unclear what the definitive effect of

these substitutions is on TRPM6 protein. However, all the

substitutions were located in the conserved N-terminus of

the protein, before the predicted transmembrane domains.

It has been shown that the N-terminal TRPM6 mutant

Figure 4 Alignment of the N-terminus of TRPM6 protein with the other human TRPM proteins. Conserved regions are shown by grey (high
consensus level, over 90%). Locations of the identified missense mutations are indicated.
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S141L disturbs the formation of channel complex with

TRPM7 and thus results in loss-of-function of a cation

channel.12 Conserved N-terminal T1 domains have been

shown to play a critical role in multimerisation and gating

of voltage gated Kþ channels.27 It could be speculated that

the conserved N-terminus in TRPM proteins might have a

similar role in channel multimerisation, and therefore

amino-acid substitutions in that region could affect the

channel complex formation.12

Ten of the previously reported twelve TRPM6 mutations,

are clearly inactivating splice site or nonsense mutations,

which presumably lead to a total loss of function of the

encoded channel.2,7 Only one missense mutation, S141L,

has so far been detected,7 and one of the base substitutions

(c.3209-68A4G), reported by Walder et al2 as a mutation,

turned out to be a single-nucleotide polymorphism

(rs2274923) and has recently been corrected in NCBI

database. The implications of the new five mutations for

the channel function are unclear. We could not detect any

genotype–phenotype correlation in our patients. Also, the

phenotypes of both our and previously reported patients

seemed to be similar.

The translocation patient did not have a mutation in the

TRPM6 or TRPM7 gene but wemapped the X;9 translocation

breakpoint within the VEGFD gene on X chromosome.

VEGFD was isolated based on its homology to other

members of the VEGF gene family.22–24 VEGFs are involved

in regulating the formation of blood vessels and lymphatic

vessels within the developing embryo and adult. VEGFD

protein binds to and induces tyrosine phosphorylation of

the endothelial cell receptors VEGFR-2 and VEGFR-3.24

Recent studies have demonstrated that VEGFD can promote

angiogenesis, probably due to its ability to activate VEGFR-2,

and is capable of inducing lymphangiogenesis, presumably

through VEGFR-3.28,29 VEGFD mRNA is most abundant in

the heart, lung, skeletal muscle, colon and small intestine.24

It is now known that TRPM6 gene mutations, which lead

to defects in the (re)absorption of magnesium in the

intestine and kidney, are causing HSH. Thus, it is difficult

to see how VEGFD could be the causative gene for the X;9

translocation patient’s hypomagnesemic phenotype. Mu-

tations of VEGFR-3 (the receptor of VEGFD) have been

shown to be the underlying cause of congenital hereditary

lymphedema.30 The disorder is characterised by chronic

swelling of limbs due to dysfunction of lymphatic vessels.

The expected phenotype caused by inadequate expression

of functional VEGFD would also include dysfunction of

lymphatic vessels. Studies of bone formation have clearly

indicated that tissue morphogenesis is dependent on

the development of, and coordination with, the vascular

system.31 Disrupted VEGFD gene might thus have an effect

on the dysmorphic features and psychomotor retardation

of the translocation patient.

On chromosome 9, the translocation breakpoint is

located within satellite III repeat sequences in the con-

stitutive heterochromatin region 9q12. This region con-

tains a mixture of several satellites.32 Satellite III DNA

contains a simple 5 bp sequence (50-AATGG-30), which is

organised into higher order direct repeats of several kb in

size. On chromosome 9, satellite III sequences can be found

in large quantities in pericentromeric heterochromatin and

therefore, the precise translocation breakpoint region

could not be determined in this study. Since the transloca-

tion breakpoint in our patient is within 50-AATGG -30

-repeat, it is unlikely that any gene is interrupted on 9q12

by the translocation. However, the translocation can lead

to a position effect, that is, expression of a certain gene

near the translocation breakpoint may be altered due to

juxtaposition of heterochromatin. Second alternative

could be that translocation separates a disease gene from

cis-acting regulator elements. Such potential regulatory

sequence elements have been identified, for example, as far

as to 611 kb upstream and 452 kb downstream of the SOX9

gene.33,34 Since the TRPM6 gene is located megabases away

from the breakpoint,6 it is unlikely that the translocation

affects the expression of TRPM6. It must also be noted that

we did not identify any sequence alterations in the coding

region of the TRPM6 gene of the translocation patient. The

recessive nature of the disorder would require that the

other copy of the gene should also be affected by mutation.

However, in this study whole exon deletions were not

excluded. It is possible that an altered expression of some

other gene near the breakpoint, due to position effect or

separation of cis-acting regulatory elements, could be the

cause for the hypomagnesemic phenotype of the translo-

cation patient. There is also a possibility that the

phenotype of the translocation patient is caused by a gene

independent from translocation.

The X-inactivation status of the patient with X;9

translocation was initially studied using cultured lympho-

cytes of the patient.5,35 The derivative X chromosome was

found to be late replicating in all cells and the inactivation

had not spread to the autosomal 9q segment. Since the

normal X chromosome was active, the patient had a

functional VEGFD gene in her cells. The selective advan-

tage of the cells, which produce VEGFD growth factor in

developing embryo, could be explained by the mitogenic

activity, which is induced by VEGFD.24 The intense

selective pressure would then be maintaining the severely

skewed X-inactivation and keep functional VEGFD active.

Since segments of the X chromosome (Xp22-Xpter) in the

derivative chromosome 9 cannot undergo X inactivation,

this results in functional disomy of distal Xp. The genes

residing in this region (which are normally subject to X

inactivation) would have an abnormal gene dosage in the

cells. Double dosage of Xp22-Xpter genes might contribute

to the dysmorphic features and mental retardation of the

HSH patient. It must be noted that mental retardation can

also result if there is a delay in the diagnosis of HSH and

subsequent lack of oral magnesium intake. However, the
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X;9 translocation patient was already diagnosed at the age

of 1 month and properly treated. In the light of the results

we obtained from re-evaluating the clinical picture of the

translocation patient, it seems very likely that the trans-

location patient did not have HSH but a disorder similar

to HSH.
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