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A BS T R AC T
BACKGROUND

Three’ pregnancies with male offspring in one family were complicated by severe polyhydramnios and prematurity. One fetus died; the other two had transient massive
salt-wasting and polyuria reminiscent of antenatal Bartter’s syndrome.
METHODS

To uncover the molecular cause of this possibly X-linked disease, we performed wholeexome sequencing of DNA from two members of the index family and targeted gene
analysis of other members of this family and of six additional families with affected
male fetuses. We also evaluated a series of women with idiopathic polyhydramnios who
were pregnant with male fetuses. We performed immunohistochemical analysis,
knockdown and overexpression experiments, and protein–protein interaction studies.
RESULTS

We identified a mutation in MAGED2 in each of the 13 infants in our analysis who had
transient antenatal Bartter’s syndrome. MAGED2 encodes melanoma-associated antigen
D2 (MAGE-D2) and maps to the X chromosome. We also identified two different
MAGED2 mutations in two families with idiopathic polyhydramnios. Four patients died
perinatally, and 11 survived. The initial presentation was more severe than in known
types of antenatal Bartter’s syndrome, as reflected by an earlier onset of polyhydramnios
and labor. All symptoms disappeared spontaneously during follow-up in the infants
who survived. We showed that MAGE-D2 affects the expression and function of the
sodium chloride cotransporters NKCC2 and NCC (key components of salt reabsorption
in the distal renal tubule), possibly through adenylate cyclase and cyclic AMP signaling
and a cytoplasmic heat-shock protein.
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CONCLUSIONS

We found that MAGED2 mutations caused X-linked polyhydramnios with prematurity
and a severe but transient form of antenatal Bartter’s syndrome. MAGE-D2 is essential
for fetal renal salt reabsorption, amniotic fluid homeostasis, and the maintenance of
pregnancy. (Funded by the University of Groningen and others.)
n engl j med 374;19

nejm.org

May 12, 2016

1853

The New England Journal of Medicine
Downloaded from nejm.org at UNIVERSITY LIBRARY OF MARBURG on September 29, 2016. For personal use only. No other uses without permission.
Copyright © 2016 Massachusetts Medical Society. All rights reserved.

The

n e w e ng l a n d j o u r na l

I

n the second trimester of gestation,
fetal kidneys become the predominant source
of amniotic fluid, which is primarily removed
by the fetus swallowing it.1 Excessive amniotic
fluid (called polyhydramnios) is caused by an
imbalance between its production and removal
— as observed, for instance, in fetuses with
esophageal atresia. Overall, polyhydramnios has
a prevalence of 1 to 2% and confers an increased
risk of adverse perinatal outcome, especially
preterm delivery.2 The cause of polyhydramnios
remains unknown in 30 to 60% of cases.2,3
There are only a few mendelian diseases associated with polyhydramnios, including antenatal
Bartter’s syndrome, a rare autosomal recessive
renal tubular disorder. Antenatal Bartter’s syndrome is a potentially life-threatening disease
characterized by fetal polyuria, polyhydramnios,
prematurity, and postnatal polyuria with persistent renal salt wasting. The known genetic
causes of antenatal Bartter’s syndrome directly
affect the molecules that mediate salt reabsorption in the thick ascending limb of the loop of
Henle.4 Treatment includes lifelong fluid and
electrolyte supplementation, as well as the use of
nonsteroidal antiinflammatory drugs (NSAIDs)
to inhibit excessive renal prostaglandin E2 formation,5 although the safety of long-term treatment
with NSAIDs, especially in preterm infants, is a
subject of controversy.6
Two case reports describing three male infants with antenatal Bartter’s syndrome are of
special interest because salt wasting spontaneously resolved within several weeks after birth.7,8
In one family with three affected sons, only the
younger two sons had postnatal development of
polyuria.8 This points to an overlap with another
condition of unknown cause, termed acute recurrent polyhydramnios, a familial condition that
has also been described in male infants.9-11 In
this study, we sought to characterize severe polyhydramnios and transient antenatal Bartter’s
syndrome in 15 boys from nine families, to determine the genetic basis of this disorder, and to
provide insight into the pathophysiological basis
of the phenotype.
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their guardians, as well as from unaffected family members. Clinical and biochemical data were
collected retrospectively from medical charts. We
studied the index family (F1) plus 6 additional
families (F2 through F7, all of which had members with a transient clinical course of antenatal
Bartter’s syndrome) of Dutch, German, Belgian,
and Turkish descent chosen from a cohort of
300 families with antenatal Bartter’s syndrome.
All affected infants were male and had tested
negative for mutations in SLC12A1 (encoding
NKCC2), KCNJ1 (encoding ROMK), and BSND (encoding barttin). We also evaluated a series of 11
women who had been counseled for idiopathic
polyhydramnios during pregnancies with male
fetuses. Polyhydramnios was diagnosed as an
amniotic fluid index (a score indicating the
amount of amniotic fluid measured on an ultrasonogram) of greater than 24 cm.12 The study was
approved by the ethics committees at the University Medical Centers in Cologne and Groningen.
Laboratory Analysis

Standard methods were used to analyze electrolyte and creatinine levels and solute concentrations (osmolalities) in urine and blood. Plasma
aldosterone and plasma renin concentrations
were measured with the use of radioimmunologic assays.13 Urinary prostaglandin E2 (PGE2)
was measured by gas chromatography–tandem
mass spectrometry in cooled 24-hour urine
samples, as described previously.14
Genetic Analysis

We performed whole-exome sequencing of DNA
from Patient F1.III-1 and his mother (F1.II-2), as
described previously.15 Splicing was analyzed in
vitro with a minigene (pSPL3 splicing) assay.16
See the Supplementary Appendix, available with
the full text of this article at NEJM.org, for further details of the genetic analysis methods, as
well as for details of the immunohistochemical
analysis, the studies of manipulating gene expression in a cell line, and interactome analyses.

R e sult s
Index Family

Me thods

The first pregnancy of Family Member F1.I-2 was
complicated by severe polyhydramnios that was
We conducted the study from April 2013 until diagnosed at 19 weeks of gestation and resulted
May 2015. DNA samples were obtained with in preterm delivery of a stillborn male (F1.II-1)
written informed consent from the patients or at 22 weeks (Fig. 1A). Two subsequent pregnanStudy Design and Oversight
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Figure 1. Clinical and Genetic Characteristics of the Index Family and Amniotic Fluid Index in Patients with Mutations
in MAGED2.
Panel A shows a pedigree of Family F1, in which pregnancies with male fetuses were complicated by early-onset and
severe polyhydramnios. A stillborn male (F1.II-1) was delivered at 22 weeks of gestation; two subsequent pregnancies
(with female fetuses) were uneventful. In the mother’s last pregnancy, a male infant (F1.II-4) was delivered at 27 weeks.
The genotypes are shown beneath each symbol; Mut denotes the mutant MAGED2 allele, and Wt wild type. Squares
denote male family members, circles female family members, solid symbols affected family members, symbols with
a dot unaffected carriers, and symbols with a line through them deceased family members. During the first pregnancy
of Family Member F1.II-2, shown in Panel B, early-onset severe polyhydramnios (amniotic fluid index [a score indicat‑
ing the amount of amniotic fluid measured on an ultrasonogram], 98 cm) occurred and led to birth of a preterm male
infant (F1.III-1) after 31 weeks of gestation. Panel C shows the amniotic fluid index for each patient with MAGED2
mutations (labeled symbols), as well as for patients with idiopathic polyhydramnios who did not have MAGED2 muta‑
tions (diamonds); the 50th percentile (gray circles) and 95th percentile (gray squares) for values during normal
pregnancy are shown for comparison.

cies (with female fetuses) were uneventful. The (amniotic fluid index, 51 cm) that led to preterm
mother’s last pregnancy was again complicated delivery, at 27 weeks, of a male infant (F1.II-4).
by early-onset (at 19 weeks) severe polyhydramnios Immediately after birth, progressive polyuria
n engl j med 374;19
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developed in the infant (maximum, 140 ml per
kilogram per hour), with salt loss necessitating
intravenous fluid infusion. Severe hypercalciuria
also developed, which caused medullary nephrocalcinosis. Despite the surprising disappearance
of the clinical symptoms within 3 to 4 weeks,
antenatal Bartter’s syndrome was suspected, and
the patient was treated with supplemental electrolytes and indomethacin for 1 year. At the last
follow-up, when the patient was 17 years of age,
he showed no clinical signs of renal salt loss and
had normal urinary concentrating and diluting
capacities.
During the first pregnancy of his sister (F1.II-2),
early-onset (at 19 weeks of gestation) severe
polyhydramnios (amniotic fluid index, 98 cm)
(Fig. 1B and 1C) occurred and led to birth of a
preterm male infant (F1.III-1) after 31 weeks of
gestation. Again, neonatal polyuria was observed,
which peaked at 50 ml per kilogram per hour
and normalized within 1 week. At last follow-up,
at 2 years of age, the patient had normal tubular
and glomerular function.
Genetic Analysis

Because polyhydramnios occurred exclusively in
pregnancies with male offspring, we filtered the
results obtained by whole-exome sequencing
analysis of DNA from Patient F1.III-1 and his
mother for rare shared X-chromosomal variants
(minor-allele frequency, ≤0.001). Both the mother
and the son carried a nonsense mutation that
resulted in a premature stop codon in MAGED2
(c.1038C→G, p.Y346*), which encodes melanomaassociated antigen D2 (MAGE-D2).
Targeted Sanger sequencing of DNA from family members showed cosegregation of p.Y346* in
all affected males and their mothers (Fig. 1A).
Subsequent sequencing of MAGED2 in six additional families with transient antenatal Bartter’s
syndrome and 11 women who had had idiopathic
polyhydramnios while pregnant with male fetuses identified mutations that were specific to
each family in all affected males with transient
antenatal Bartter’s syndrome (F2 through F7)
(Fig. 2A) and to two families with idiopathic
polyhydramnios (F8 and F9). In total, seven
truncating mutations (two nonsense, two frameshift, and three splice-site mutations) and two
nontruncating mutations (one missense and one
in-frame deletion) were identified (Fig. 2B, and
Tables S1 and S2 in the Supplementary Appendix), none of which was present in 110 persons
1856
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of European descent without a family history of
polyhydramnios or in public databases (1000
Genomes [http://1000genomes
.
org] and ExAC
[http://exac.broadinstitute.org]).
Transient Antenatal Bartter’s Syndrome

Polyhydramnios was recognized early during
pregnancy, at 19 to 20 weeks of gestation (Table 1; for individual data, see Table S1 in the
Supplementary Appendix), and was deemed to be
severe (amniotic fluid index, >35 cm) (Fig. 1C).2
All the infants were born preterm, seven of them
extremely preterm (at <28 weeks).17 The onset
of polyhydramnios and labor occurred several
weeks earlier than in known types of Bartter’s
syndrome. Two fetuses died in utero without a
recognizable cause on autopsy, and one infant
died from extreme prematurity.
In the preterm babies, polyuria lasted from
3 days to 6 weeks and ended at 30 to 33 weeks
of gestational age. Hypercalciuria was initially
present, but it normalized in parallel with the
resolution of renal salt and water losses. Nephrocalcinosis was noted in six patients and persisted in four patients. In the neonatal period,
hyponatremia, hypokalemia, and elevated levels
of renin and aldosterone were noted; these subsequently resolved or normalized. Five patients
were treated with indomethacin for up to 9 years.
Idiopathic Polyhydramnios and MAGED2
Mutations

Because the first son of Family F3 presented
with polyhydramnios only,8 we studied a series
of 11 women who had idiopathic polyhydramnios while pregnant with male fetuses and
found MAGED2 mutations in two additional
families (F8 and F9) (Fig. 2A). We identified a
missense mutation in one fetus (F8.II-1), who
died at 22 weeks of gestation, and a hetero
zygous intronic mutation in the mother of a
second family. The boy in the second family
(F9.II-1), who was born after 29 weeks of gestation, survived without transient antenatal Bartter’s syndrome. Aberrant splicing was shown in
vitro; this splicing led to the generation of a
premature stop codon (Fig. S1 in the Supplementary Appendix).
Expression of MAGE-D2 in Human Kidney

We observed prominent tubular expression of
MAGE-D2 in the human fetal renal cortex (Fig.
S2 in the Supplementary Appendix). In both fetal
nejm.org
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Figure 2. Genetic Characteristics of Patients with Transient Antenatal Bartter’s Syndrome and Idiopathic Polyhydramnios
with Mutations in MAGED2.
Panel A shows the pedigrees of six additional families with transient antenatal Bartter’s syndrome (F2 through F7)
and of two families with idiopathic polyhydramnios that occurred during pregnancies with male fetuses (F8 and F9);
MAGED2 mutations were found in all affected males. The abbreviation nd denotes no data. Panel B shows the seven
truncating mutations and two nontruncating mutations that were identified in MAGED2; mutations are shown at
the nucleotide level and protein level for each family. The splice-site mutation in Family F3 has not been confirmed
in vitro.

and adult kidney, MAGE-D2–positive tubules also
bound anti-uromodulin (UMOD) antibody, which
supported the conclusion that MAGE-D2 is expressed in the thick ascending limb of the loop
of Henle (Fig. S3 in the Supplementary Appendix). We also found that MAGE-D2 is expressed
in tubules outside the thick ascending limb of
the loop of Henle in both fetal and adult kidney.
Expression of NKCC2 and NCC in Fetal Kidney

Because of the phenotypic overlap between transient Bartter’s syndrome and antenatal Bartter’s
syndrome caused by NKCC2 defects, we analyzed expression of NKCC2 in fetal kidney from
Patient F1.II-1 and from control kidneys (21 and
23 weeks of gestation). In fetal controls, NKCC2
localized predominantly at the apical membrane
n engl j med 374;19

of tubular epithelial cells (Fig. 3A). In contrast,
NKCC2 expression was reduced and virtually
absent from the apical cell membrane in Patient
F1.II-1. Instead, NKCC2 staining was predominantly cytoplasmic and colocalized with a marker
of the endoplasmic reticulum.
Because impaired NKCC2 expression cannot
fully account for the severity of transient Bartter’s syndrome, we also analyzed the expression
of the sodium chloride cotransporter NCC, a
crucial component of salt reabsorption in the
distal convoluted tubule that was previously
shown to be compensatorily up-regulated in a
mouse model of antenatal Bartter’s syndrome.18
Like NKCC2, NCC was absent from the apical
membrane in the patient’s kidney tubules
(Fig. 3B). Instead, intracellular retention of NCC
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Table 1. Clinical and Postnatal Biochemical Characteristics of Patients with MAGED2 Mutations.*
Characteristic

Normal Value

Patients with Mutations
Median (Range)

No. of Patients

Clinical data
Onset of polyhydramnios — wk of gestation
Amniotic fluid index — cm†

<24

Gestational age at delivery — wk

40

Duration of polyuria — wk

19 (19–20)

10

51 (36–98)

7

28 (22–34)

15

4.5 (0.5–6)

8

Nephrocalcinosis — no. of patients

6 of 10

Duration of mineral supplementation — mo

6 (1–36)

8

Duration of indomethacin treatment — yr

2 (1–9)

6

Blood data
Sodium — mmol/liter

134–146

Chloride — mmol/liter
Potassium — mmol/liter
Bicarbonate — mmol/liter
Renin — ng/ml/hr
Aldosterone — ng/dl

128 (123–133)

9

97–110

94 (84–100)

9

4–6.5

2.9 (2.8–3.3)

9

22–29

28 (24–28)

6

4–23

69 (11–320)

6

25–213

1735 (107–4260)

6

Urine data
Maximal calcium:creatinine ratio‡

<0.8

5 (2.9–14.3)

8

PGE2 — ng/hr/1.73 m2

4–27

85 (8.4–243)

5

*	To convert the values for aldosterone to picomoles per liter, multiply by 27.74. To convert the values for renin to nano‑
grams per liter·second, multiply by 0.2778. PGE2 denotes prostaglandin E2.
†	The amniotic fluid index is a score indicating the amount of amniotic fluid measured on an ultrasonogram.
‡	The levels of calcium and creatinine used to calculate the ratio were measured in milligrams per deciliter.

was observed in the patient sample. Unlike the
expression of NKCC2 and NCC, UMOD expression was clearly discernible in the apical membrane in the sample from the patient (Fig. 3C).
Effect of MAGE-D2 on NKCC2, NCC, and UMOD

On the basis of the intracellular retention of
NKCC2, we hypothesized that a loss of MAGE-D2
may cause retention of NKCC2 and its degradation in the endoplasmic reticulum, resulting in
diminished total and cell-surface expression. We
therefore analyzed the effects of MAGE-D2 on the
stability and biosynthetic processing of NKCC2,
using a cycloheximide decay assay in HEK293T
cells transiently expressing NKCC2. In cells transfected with MAGE-D2 small interfering RNA
(Fig. 4A), we observed a faster rate of decay of
the immature NKCC2 protein, which was associated with significantly lower levels of mature NKCC2 protein. To confirm the specificity
of these findings, we investigated the effects of
MAGE-D2 overexpression, which increased the
1858
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half-life of immature NKCC2 (Fig. 4B) and accelerated its maturation, resulting in higher levels
of the mature and hence membrane-expressed
NKCC2.19 These results were confirmed by the
increase in cell-surface expression and activity of
NKCC2 when it was coexpressed with MAGE-D2
(Fig. 4C and 4D). MAGE-D2 overexpression enhanced the expression of total and cell-surface
NCC but did not affect the expression of UMOD,
a finding consistent with the immunohistochemical findings (Fig. S4A and S4B in the Supplementary Appendix).
Interactome of MAGE-D2

To determine the mechanism by which MAGE-D2
regulates renal salt reabsorption, we analyzed
the MAGE-D2 interactome and compared the
interactors of wild-type versus mutant MAGE-D2
(p.R446C). Gs-alpha (also called GNAS) and
Hsp40 (also called DNAJB1) interacted with wildtype MAGE-D2 but not with mutant MAGE-D2
(Fig. S5A and S5B in the Supplementary Appennejm.org
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dix). The interaction of MAGE-D2 with Gs-alpha
was further confirmed in HEK293T cells with
the use of endogenous MAGE-D2 immunoprecipitated with two different polyclonal antibodies with nonoverlapping epitopes (Fig. S5C and
S5D in the Supplementary Appendix).

A NKCC2 Localization
NKCC2

n engl j med 374;19

Merge

B

Control

Discussion
We examined an X-linked disease entity characterized by acute, early-onset, severe polyhydramnios; prematurity; perinatal mortality; and transient renal salt-wasting. We identified mutations
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originally described in the 1990s.7,8 In developing and adult kidneys, we found expression of
MAGE-D2 in the thick ascending limb of the
loop of Henle and distal tubules. In a fetus with
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reduced expression of the two critical sodium
chloride cotransporters NKCC2 and NCC (which
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as evidenced by Family F6, in which a de novo
mutation in MAGED2 was found in the fetus.
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Bartter’s syndrome with the most severe initial
presentation.20,21 However, the severe consequences of fetal MAGE-D2 loss are illustrated by
the fact that the onset of severe polyhydramnios
was earlier in fetuses with MAGE-D2 loss than
in fetuses with BSND mutations (median, 19 vs.
22 weeks of gestation), as was the age at delivery
(median, 28 vs. 32 weeks of gestation). The severity of the polyhydramnios caused by mutated
MAGED2 is further illustrated by a comparison of
the amniotic fluid index in patients with “idiopathic” polyhydramnios who had MAGED2 muta-
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Figure 3. Altered Expression of NKCC2 and NCC in Fetal Renal Tissue from
a Patient with Transient Antenatal Bartter’s Syndrome.
Panel A shows the localization of NKCC2 predominantly at the apical mem‑
brane of tubular epithelial cells in fetal controls, whereas in Patient F1.II‑1,
NKCC2 expression was lower and virtually absent from the apical cell mem‑
brane. In the patient, NKCC2 staining was predominantly cytoplasmic and
colocalized with a marker of the endoplasmic reticulum (ER). Panel B shows
the localization of NCC, which was absent from the apical membrane in the
patient’s kidney tubules, in contrast to the control; in the patient, intracel‑
lular retention of NCC was observed. Panel C shows the expression of uro‑
modulin (UMOD) immunoreactive protein, which was clearly discernible in
the apical membrane in the sample from the patient.
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Figure 4 (facing page). Promotion of NKCC2 Biosynthesis,
Cell-Surface Expression, and Activity by MAGE-D2.
To assess the stability and maturation of NKCC2, 12 to
14 hours after transfection of the cotransporter, cyclo‑
heximide was added to block protein synthesis; at vari‑
ous times after the addition of cycloheximide, NKCC2
levels were monitored by means of Western blotting.
In cells transfected with MAGE-D2 small interfering
RNA (siRNA), the immature NKCC2 protein had a high‑
er rate of decay, which was associated with a significant‑
ly decreased maturation of NKCC2 protein (Panel A).
MAGE-D2 overexpression was found to increase the
half-life of immature NKCC2 (Panel B) and accelerate
its maturation, resulting in increased levels of the ma‑
ture and therefore membrane-expressed NKCC2. I bars
represent the mean ±SE. Asterisks indicate significant
differences (P<0.05). These results were confirmed by
the increase in cell-surface expression and activity of
NKCC2 when coexpressed with MAGE-D2 (Panels C and
D). The bars and T bars in Panel D represent the mean
±SE rates of cell pH recovery from the ammonium-
induced alkaline load.

tions with those who did not have such mutations (Fig. 1C). The absence of polyuria in F3.II-1
and F9.II-1 raises the question of whether previously reported cases of acute recurrent polyhydramnios might also be attributed to MAGED2
mutations.9-11
Apart from our previous study showing that
MAGE-D2 is prominently expressed in the developing mouse and human kidney,22 studies of
MAGE-D2 have been conducted primarily in the
context of proliferation and tumor biology.23,24 In
contrast to several MAGEs that have been shown
to promote ubiquitylation by activating RING
ligases, little is known about the precise function
of MAGE-D2.25 We therefore sought to identify
its binding partners and showed that MAGE-D2
interacts with Hsp40 and Gs-alpha.
Hsp40 is a cytoplasmic chaperone that interacts with NCC (and NKCC2 [unpublished observations]) and regulates its biogenesis in the
endoplasmic reticulum.26 Our observation that
MAGE-D2 promotes NCC and NKCC2 biogenesis
in a heterologous expression system that induces
endoplasmic reticulum–associated degradation27
is consistent with Hsp40 being a binding partner of MAGE-D2.
Gs-alpha is activated by G protein–coupled
receptors and promotes the generation of cyclic
AMP (cAMP) by activating adenylate cyclases.

n engl j med 374;19

Our finding that MAGE-D2 promotes both total
and cell-surface expression of NKCC2 and NCC
is compatible with its binding to Gs-alpha. First,
heterozygous loss of GNAS, which encodes Gsalpha, reduces the expression of NKCC2 total
protein.28 Second, cAMP is a key regulator of
cell-surface expression of NKCC2 and also enhances the activity of NCC.29,30
An intriguing aspect is the transient character
of the renal phenotype, which is characterized
by the spontaneous resolution of polyuria, a decrease in the concentrations of renin and aldosterone, and a decrease in urinary prostaglandin
E2 levels. Five patients in our study were given
long-term treatment with NSAIDs and supplemental minerals in spite of their clinical and
biochemical recovery; genetic diagnosis facilitated by our findings may help patients avoid
such long-term treatment and may lead to better
clinical management.
We do not have an explanation for the transient nature of the phenotype and can only
speculate about the mechanisms involved. First,
we hypothesize that increases in the sensitivity
of adenylate cyclase activity to vasopressin, which
has been described during renal development in
several species,31,32 permit expression of NKCC2
and NCC independent of MAGE-D2 beyond a
certain stage of renal development. In addition,
or alternatively, higher levels of oxygenation in
the kidney during gestation may promote synthesis of NKCC2 and NCC: antenatally, the renal
blood supply is just one fifth of postnatal values,
which results in a remarkable degree of tissue
hypoxia, especially in the medulla, where NKCC2
is expressed.33-35 Both tissue hypoxia and heterologous expression of membrane proteins (i.e.,
NKCC2 in HEK293T cells) induce endoplasmic
reticulum–associated protein degradation.27,36
We speculate that MAGE-D2 binding to the
cytoplasmic chaperone Hsp40 protects NKCC2
and NCC from endoplasmic reticulum–associated
degradation mediated by Hsp40. This could explain the (constitutive) requirement of MAGE-D2
for proper expression of NCC and NKCC2 in our
cell system, in contrast to the oxygen-dependent
— and, hence, time-dependent — function of
MAGE-D2 during gestation.
We have shown that loss-of-function mutations in MAGED2 caused a previously unrecognized

nejm.org

May 12, 2016

1861

The New England Journal of Medicine
Downloaded from nejm.org at UNIVERSITY LIBRARY OF MARBURG on September 29, 2016. For personal use only. No other uses without permission.
Copyright © 2016 Massachusetts Medical Society. All rights reserved.

The

n e w e ng l a n d j o u r na l

of

m e dic i n e

distinct phenotype of transient renal salt-wasting, ance of unnecessary diagnostic measures in pregwhich promoted early and severe polyhydramnios nant women and of potentially harmful treatand therefore prematurity in association with ment of preterm babies.
Supported by the Stichting Beatrix Kinderkliniek, University
substantial perinatal mortality. Our data indicate
of Groningen, the Netherlands (grant 671435 to Dr. Kömhoff),
that MAGE-D2 has a role in positively regulating Koeln Fortune Program/Faculty of Medicine (grant KF Nr
the expression of membrane proteins, which 245/2014 to Dr. Beck), University of Cologne, Germany, and
points to new avenues for restoring the traffick- Tri-Service General Hospital, Taiwan (grant TSGH-C104-111,
MOST-104-2314-B-016-023-MY3 to Dr. Yang).
ing of defective membrane proteins in human
Disclosure forms provided by the authors are available with
diseases. We speculate that the identification of the full text of this article at NEJM.org.
We thank the patients and family members for their participaloss-of-function mutations in MAGED2 in the
tion in this study; Saskia Seland, Marion Müller, and Beate Rygol
mothers of male fetuses with acute, early, and for technical assistance; Jacky Senior for critically reading the
severe polyhydramnios may result in the avoid- manuscript; and Werner Garbe for providing patient information.
Appendix
The authors’ affiliations are as follows: INSERM, Centre de Recherche des Cordeliers, Unité 1138, Centre National de la Recherche
Scientifique, ERL8228 Université Pierre et Marie Curie and Université Paris-Descartes, Paris (K.L., E.S., S.D.); Institute of Human Genetics (B.B.B., A.W., B.R., J.A., G.Y.), Department of Pathology (H.G.), Cologne Center for Genomics and Center for Molecular Medicine
(H.T., J.A., P.N.), Department II of Internal Medicine and Center for Molecular Medicine Cologne (M.P.B., T.B., M.M.R.), and Cologne
Excellence Cluster on Cellular Stress Responses in Aging Associated Diseases and Systems Biology of Aging Cologne (T.B., M.M.R.)
— all at the University of Cologne, Cologne, the Department of Cellular and Integrative Physiology, University Medical Center Hamburg, Hamburg (H.V.), University Children’s Hospital, Philipps University Marburg (H.W.S.), and Kuratorium für Heimdialyse, Pediatric Kidney Center (G.K.), Marburg, the Institute of Human Genetics, University Health Services Göttingen, Göttingen (G.Y.), and the
Department of General Pediatrics, University Hospital Münster, Münster (K.P.S., M. Konrad) — all in Germany; the Division of Nephrology, Department of Medicine, Tri-Service General Hospital, National Defense Medical Center (S.-S.Y., S.-H.L.), and Institute of
BioMedical Sciences, Academia Sinica (S.-S.Y.) — both in Taipei, Taiwan; the Department of Biomedical Molecular Biology, Inflammation Research Center, VIB/Ghent University, Ghent (D.P., M.J.M.B.), Unité de Recherche en Physiologie Moléculaire, University of
Namur, Namur (C.D., O.B.), and the Division of Nephrology, University Children’s Hospital Leuven (E.L.) — all in Belgium; the Divisions of Neonatology (K.B.) and Nephrology (M. Kömhoff), Beatrix Children’s Hospital, and the Departments of Obstetrics and Gynecology (L.K.D., S.A.S.), Pathology and Medical Biology (A.T.), and Genetics (T.J.K.) — all at University Medical Center Groningen,
Groningen, the Netherlands; and University Children’s Hospital Graz, Graz, Austria (C.M.).
References
1. Ross MG, Brace RA. National Institute of Child Health and Development
Conference summary: amniotic fluid biology — basic and clinical aspects. J Matern
Fetal Med 2001;10:2-19.
2. Magann EF, Chauhan SP, Doherty DA,
Lutgendorf MA, Magann MI, Morrison JC.
A review of idiopathic hydramnios and
pregnancy outcomes. Obstet Gynecol Surv
2007;62:795-802.
3. Dorleijn DM, Cohen-Overbeek TE,
Groenendaal F, Bruinse HW, Stoutenbeek
P. Idiopathic polyhydramnios and postnatal findings. J Matern Fetal Neonatal Med
2009;22:315-20.
4. Jeck N, Schlingmann KP, Reinalter
SC, et al. Salt handling in the distal nephron: lessons learned from inherited human disorders. Am J Physiol Regul Integr
Comp Physiol 2005;288:R782-95.
5. Seyberth HW, Rascher W, Schweer H,
Kühl PG, Mehls O, Schärer K. Congenital
hypokalemia with hypercalciuria in preterm infants: a hyperprostaglandinuric
tubular syndrome different from Bartter
syndrome. J Pediatr 1985;107:694-701.
6. Johnston PG, Gillam-Krakauer M,
Fuller MP, Reese J. Evidence-based use of
indomethacin and ibuprofen in the neonatal intensive care unit. Clin Perinatol
2012;39:111-36.

1862

Reinalter S, Devlieger H, Proesmans
W. Neonatal Bartter syndrome: spontaneous resolution of all signs and symptoms.
Pediatr Nephrol 1998;12:186-8.
8. Engels A, Gordjani N, Nolte S, Seyberth HW. Angeborene passagere hyperprostaglandinurische Tubulopathie bei
zwei frühgeborenen Geschwistern Mschr
Kinderheilk 1991;139:185.
9. Pitkin RM. Acute polyhydramnios recurrent in successive pregnancies: management with multiple amniocenteses.
Obstet Gynecol 1976;48:Suppl:42S-43S.
10. Rode L, Bundgaard A, Skibsted L,
Odum L, Jørgensen C, Langhoff-Roos J.
Acute recurrent polyhydramnios: a combination of amniocenteses and NSAID
may be curative rather than palliative.
Fetal Diagn Ther 2007;22:186-9.
11. Weissman A, Zimmer EZ. Acute polyhydramnios recurrent in four pregnancies: a case report. J Reprod Med 1987;32:
65-6.
12. Magann EF, Sanderson M, Martin JN,
Chauhan S. The amniotic fluid index,
single deepest pocket, and two-diameter
pocket in normal human pregnancy. Am J
Obstet Gynecol 2000;182:1581-8.
13. Fiselier T, Monnens L, van Munster P,
Jansen M, Peer P, Lijnen P. The reninangiotensin-aldosterone system in infancy
7.

n engl j med 374;19

nejm.org

and childhood in basal conditions and
after stimulation. Eur J Pediatr 1984;143:
18-24.
14. Schweer H, Watzer B, Seyberth HW.
Determination of seven prostanoids in 1 ml
of urine by gas chromatography-negative
ion chemical ionization triple stage quadrupole mass spectrometry. J Chromatogr
1994;652:221-7.
15. Basmanav FB, Oprisoreanu AM, Pasternack SM, et al. Mutations in POGLUT1,
encoding protein O-glucosyltransferase 1,
cause autosomal-dominant Dowling-Degos
disease. Am J Hum Genet 2014;94:135-43.
16. Burn TC, Connors TD, Klinger KW,
Landes GM. Increased exon-trapping efficiency through modifications to the
pSPL3 splicing vector. Gene 1995;161:183-7.
17. Goldenberg RL, Culhane JF, Iams JD,
Romero R. Epidemiology and causes of
preterm birth. Lancet 2008;371:75-84.
18. Cantone A, Yang X, Yan Q, Giebisch
G, Hebert SC, Wang T. Mouse model of
type II Bartter’s syndrome. I. Upregulation of thiazide-sensitive Na-Cl cotransport activity. Am J Physiol Renal Physiol
2008;294:F1366-72.
19. Zaarour N, Defontaine N, Demaretz
S, Azroyan A, Cheval L, Laghmani K. Secretory carrier membrane protein 2 regulates exocytic insertion of NKCC2 into the

May 12, 2016

The New England Journal of Medicine
Downloaded from nejm.org at UNIVERSITY LIBRARY OF MARBURG on September 29, 2016. For personal use only. No other uses without permission.
Copyright © 2016 Massachusetts Medical Society. All rights reserved.

Polyhydr amnios and Tr ansient Antenatal Bart ter’s Syndrome

cell membrane. J Biol Chem 2011;
286:
9489-502.
20. Brochard K, Boyer O, Blanchard A, et
al. Phenotype-genotype correlation in antenatal and neonatal variants of Bartter
syndrome. Nephrol Dial Transplant 2009;
24:1455-64.
21. Peters M, Jeck N, Reinalter S, et al.
Clinical presentation of genetically defined
patients with hypokalemic salt-losing tubulopathies. Am J Med 2002;112:183-90.
22. Bertrand M, Huijbers I, Chomez P, De
Backer O. Comparative expression analysis of the MAGED genes during embryogenesis and brain development. Dev Dyn
2004;230:325-34.
23. Tseng HY, Chen LH, Ye Y, et al. The
melanoma-associated antigen MAGE-D2
suppresses TRAIL receptor 2 and protects
against TRAIL-induced apoptosis in human
melanoma cells. Carcinogenesis 2012;33:
1871-81.
24. Kanda M, Nomoto S, Oya H, et al. The
expression of melanoma-associated antigen D2 both in surgically resected and
serum samples serves as clinically relevant biomarker of gastric cancer progression. Ann Surg Oncol 2016;23:Suppl 2:
214-21.

25. Doyle JM, Gao J, Wang J, Yang M,

Potts PR. MAGE-RING protein complexes
comprise a family of E3 ubiquitin ligases.
Mol Cell 2010;39:963-74.
26. Donnelly BF, Needham PG, Snyder
AC, et al. Hsp70 and Hsp90 multichaperone complexes sequentially regulate thiazide-sensitive cotransporter endoplasmic
reticulum-associated degradation and biogenesis. J Biol Chem 2013;288:13124-35.
27. Casagrande R, Stern P, Diehn M, et al.
Degradation of proteins from the ER of S.
cerevisiae requires an intact unfolded
protein response pathway. Mol Cell 2000;
5:729-35.
28. Ecelbarger CA, Yu S, Lee AJ, Weinstein LS, Knepper MA. Decreased renal
Na-K-2Cl cotransporter abundance in
mice with heterozygous disruption of the
G(s)alpha gene. Am J Physiol 1999;277:
F235-44.
29. de Jong JC, Willems PH, van den Heuvel LP, Knoers NV, Bindels RJ. Functional
expression of the human thiazide-sensitive NaCl cotransporter in Madin-Darby
canine kidney cells. J Am Soc Nephrol
2003;14:2428-35.
30. Ares GR, Caceres PS, Ortiz PA. Molecular regulation of NKCC2 in the thick

n engl j med 374;19

nejm.org

ascending limb. Am J Physiol Renal Physiol
2011;301:F1143-59.
31. Schlondorff D, Weber H, Trizna W,
Fine LG. Vasopressin responsiveness of
renal adenylate cyclase in newborn rats
and rabbits. Am J Physiol 1978;234:F1621.
32. Imbert-Teboul M, Chabardès D,
Clique A, Montégut M, Morel F. Ontogenesis of hormone-dependent adenylate cyclase in isolated rat nephron segments.
Am J Physiol 1984;247:F316-25.
33. Rudolph AM, Heymann MA, Teramo
KA, Barrett CT, Räihä NCR. Studies on
the circulation of the previable human fetus. Pediatr Res 1971;5:452-65.
34. Brezis M, Rosen S. Hypoxia of the renal medulla — its implications for disease. N Engl J Med 1995;332:647-55.
35. Bernhardt WM, Schmitt R, Rosenberger C, et al. Expression of hypoxiainducible transcription factors in developing human and rat kidneys. Kidney Int
2006;69:114-22.
36. Karar J, Dolt KS, Qadar Pasha MA.
Endoplasmic reticulum stress response in
murine kidney exposed to acute hypobaric hypoxia. FEBS Lett 2008;582:2521-6.
Copyright © 2016 Massachusetts Medical Society.

May 12, 2016

1863

The New England Journal of Medicine
Downloaded from nejm.org at UNIVERSITY LIBRARY OF MARBURG on September 29, 2016. For personal use only. No other uses without permission.
Copyright © 2016 Massachusetts Medical Society. All rights reserved.

