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INTRODUCTION

A large amount of zinc is secreted into the breast milk
(1-3 mg zinc/day) during lactation to support the normal

Taiho Kambe?

ABSTRACT

Importance: Transient neonatal zinc deficiency (TNZD) occurs in breast-
fed infants due to abnormally low breast milk zinc levels. Mutations in the
solute carrier family 30 member 2 (SLC30A2) gene, which encodes the zinc
transporter ZN'T2, cause low zinc concentration in breast milk.

Objective: This study aimed to provide further insights into TNZD
pathophysiology.

Methods: SLC30A2 sequencing was performed in three unrelated Japanese
mothers, whose infants developed TNZD due to low-zinc milk consump-
tion. The effects of the identified mutations were examined using cell-based
assays and luciferase reporter analysis.

Results: Novel SLC30A2 mutations were identified in each mother.
One harbored a heterozygous missense mutation in the ZNT2 zinc-
binding site, which resulted in defective zinc transport. The other two
mothers exhibited multiple heterozygous mutations in the SLC30A2 pro-
moter, the first mutations in the SLC30A2 regulatory region reported to
date.

Interpretation: This report provides new genetic insights into TNZD
pathogenesis in breastfed infants.

KEYWORDS
Dermatology, Breastfeeding, Transient neonatal zinc deficiency (TNZD),
Low-zinc breast milk, SLC30A2/ZNT2, Promoter, Zinc-binding motif

growth and development of the infant.!-> Thus, reduction of

the breast milk zinc concentration causes breastfed infants
to be in a state of zinc deficiency, which manifests as a
broad range of symptoms, including persistent diarrhea,
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erythematous and erosive dermatitis, hair loss, alope-
cia, immune insufficiency, and growth restriction.>* In
the case of transient neonatal zinc deficiency (TNZD)
(Online Mendelian Inheritance in Man [OMIM] 608118),
these symptoms can be alleviated by oral zinc supple-
mentation, and the affected infant can successfully thrive
without zinc supplementation after weaning.>~’ Accord-
ingly, TNZD is a definitively distinct form of zinc
deficiency from acrodermatitis enteropathica (AE) (OMIM
201100), which is caused by the intestinal malabsorption
of zinc, resulting in zinc deficiency in the infant after
weaning.®?

AE is caused by mutations in the solute carrier family 39
member 4 gene (SLC39A4), also known as ZRT and IRT-
like protein 4 (ZIP4), which results in impairment of zinc
absorption in the small intestine,'®!! whereas TNZD is
caused by mutations in the solute carrier family 30 mem-
ber 2 gene (SLC30A2), which encodes Zn transporter 2
(ZNT2).12-21 ZNT2 is a critical zinc transporter that mobi-
lizes zinc into the secretory vesicles in mammary epithelial
cells, which is ultimately secreted into breast milk dur-
ing lactation. Hence, pathogenic SLC30A2 mutations cause
mothers to produce zinc-deficient breast milk. Since the
first heterozygous mutation was identified in SLC30A2 in a
nursing mother in 2006,'> many loss-of-function mutations
have been identified to be responsible for TNZD patho-
genesis. The majority of such cases involved heterozygous
mutations in SLC30A2, except for one case with a homozy-
gous mutation”! and one case with compound heterozygous
mutations. '

Here, we report novel heterozygous SLC30A2 mutations
from three mothers whose infants suffered from TNZD.
One is a novel loss-of-function mutation identified in one
mother, and the other is the same set of multiple muta-
tions in the SLC30A2 promoter region identified in two
unrelated mothers. The missense mutation was found in the
zinc-binding HDHD motif, which is conserved among ZNT
transporter family members.”>?3 Moreover, to our best
knowledge, this is the first identification of SLC30A2 muta-
tions in the promoter. Our results thus provide additional
crucial genetic information to offer insight into TNZD
pathogenesis in breastfed infants.

METHODS
Ethical approval

This study was approved by the Ethics Committee of Kyoto
University Graduate School and Faculty of Medicine (No.
G760). Written consent was obtained from each patient’s
mother.

Patients

Three full-term breastfed infants were diagnosed with
TNZD by their pediatricians based on clinical presenta-
tions. All three infants showed low serum zinc levels and
presented with skin symptoms of zinc deficiency. Zinc
levels in the breast milk of all three mothers were also
lower than the average level expected during lactation.
However, all mothers had blood zinc levels within the
normal range. Polaprezinc [INN: (CoH;,N,0O3Zn),, Zeria
Pharmaceutical, Tokyo, Japan] oral zinc replacement ther-
apy was administered, which relieved the symptoms in
all infants. Table 1 summarizes the clinical data of the
patients.

SLC30A2 sequencing

NucleoSpin Blood Kit (Macherey-Nagel, Diiren, Germany)
was used for isolating genomic DNA from the mothers’
whole blood. All exons containing coding regions, and
the SLC30A2 promoter and flanking regions were directly
sequenced in both directions using fragments amplified
from the isolated genomic DNA. To sequence the fragment
derived from each allele, the fragment was subcloned in the
pZero2 vector (Invitrogen, Carlsbad, CA, USA), and then
the inserted fragment was sequenced. Primer information
is described in our previous report.'*

Zinc-transport activity of ZNT2 in zinc-sensitive cells
against high extracellular zinc concentrations

Chicken B lymphocyte-derived DT40 cells deficient
in the Zntl, Znt4, and metallothionein (Mr) genes
(Znt]™ Mt~ Znt4~~ cells) were used to evaluate
the zinc-transport activity of ZNT2 protein carrying
the identified mutations, as described previously.!*?*
Znt1~/~Mt~'~Znt4~/~ cells fail to grow in the presence of
at least 60 uM ZnSOy,, which is reversed by stable expres-
sion of zinc-transport competent wild-type (WT) ZNT2, but
not by a zinc-transport incompetent ZNT2 mutant.”> The
D227A mutant was used as a control of the null mutant
identified in the HDHD motif because the substitution of
an aspartic acid residue (Asp, D) to an alanine residue (Ala,
A) in the HDHD motif is known to impair zinc transport
activity.2 Cell viability was determined using the alamar-
Blue assay (Trek Diagnostic Systems, Westlake, OH, USA)
after culturing the cells for 48 h. The detailed procedures to
establish Znt1~/~ Mt~ Znt4~'~ cells stably expressing WT
or mutant ZNT?2 were described in our previous works.!+2*
To confirm that ZNT2 was expressed at the same level
in the cells with WT or mutant ZNT2, immunoblotting
was performed using the total cellular lysate as described
previously.?’
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TABLE 1 Symptoms of transient neonatal zinc deficiency in the infants of this study

Patient (SLC30A2/ZNT2 mutation Zinc levels in

identified in the mother) breast milk" infant
1. (c.679G>A) 23 ug/dl 2-3 months
(7 months)

2. (c.-309C>T, c.-307G>T, 22 ug/dl 2 months
¢.-304T>A, c.-303T>A, (5 months)
¢.-302T>A, c.-301T>A)

3. (c.-309C>T, ¢.-307G>T, 21 pg/dl 4 months
¢.-304T>A, ¢.-303T>A, (5 months)

c.-302T>A, c.-301T>A)

TNormal reference level: 80 + 30 ug/dl at 4-6 months.
#Normal reference level: 70120 pg/dl.

Reporter assay

SLC30A2 promoter-Cypridina luciferase reporter plasmids,
in which WT or mutant SLC30A2 promoter (from —363 to
—32 with reference to the adenine base of the start codon
methionine as +1) is inserted into the multiple cloning
site of pMCS-Cypridina Luc (Thermo Scientific, Waltham,
MA, USA), were transiently transfected into A549, MCF7,
or MDA-MB-231 cells, as described previously;?® Renilla
luciferase expression plasmid was simultaneously trans-
fected. The activities of Cypridina and Renilla luciferase
were measured using Pierce Cypridina Luciferase Glow
Assay Kit (Thermo Fisher Scientific, Rockford, IL) and
Renilla-Glo Luciferase Assay System (Promega, Madison,
WI, USA), respectively, using a Synergy H1 Hybrid mul-
timode microplate reader (BioTek, Winooski, VT, USA).
Cypridina luciferase activity was divided by that of Renilla
luciferase for normalization of transfection efficiency.

Statistical analyses

All data are presented as the mean =+ standard deviation.
Statistical significance was determined by Student’s 7-test
and accepted at P < 0.01.

RESULTS

Identification of a heterozygous mutation in the
zinc-binding site of ZN'T2

We found a novel missense mutation, c.679G>A, in exon
5 of SLC30A2 (with reference to the adenine base of the
start codon methionine as +1) in the affected mother of
patient 1 (Table 1), which introduces an asparagine residue

Age of onset in

Zinc levels in
infant serum?

19 pg/dl
(7 months)

Symptoms

Erythematous and erosive dermatitis,
particularly around the mouth, face,
diaper region, and fingers, could not be
improved by topical anti-inflammatory
drugs, including corticosteroids.
Persistent diarrhea and poor weight gain.

4 ug/dl
(5 months)

Erythematous and erosive dermatitis with
crusting, particularly in the diaper region,
face (around the mouth and eyes), and
extremities, which could not be improved
by topical corticosteroids.

Poor weight and height gain,
developmental delay.

16 pg/dl
(5 months)

Erythema erosive dermatitis on the back of
the head and fingers.

(Asn, N) in place of an Asp, D (p.D227N) in ZNT2
(Figure 1A, B). Stable expression of WT ZNT2 rescued
the zinc-sensitive phenotype of Znt1 =/~ Mt~/ Znt4~'~ cells.
However, stable expression of both the D227N and D227A
(positive control) ZNT2 mutants failed to recover growth
in ZnSO, (Figure 1C, D). These results indicated that the
D227N substitution is a loss-of-function missense mutation
of ZNT?2.

Heterozygous mutations in the SLC30A2 promoter

We found no mutations in any of the SLC30A2 exons
in the mothers of patients 2 and 3 but identified
the same novel multiple heterozygous mutations in the
SLC30A2/ZNT2 promoter in both mothers (Figure 2A):
c.-309C>T, ¢.-307G>T, c.-304T>A, c.-303T>A, c.-
302T>A, ¢.-301T>A (also with reference to the adenine
of the start codon methionine as +1). These muta-
tions alter the “CGGGCTTTT” sequence, located from
nucleotides —309 to —301 of the SLC30A2 promoter, to
“TGTGCAAAA” (the positions of the mutations are under-
lined) (Figure 2B-2D). However, reporter analysis using
plasmids in which luciferase expression is under the con-
trol of the WT or mutant SLC30A2 promoter did not show
any differences (Figure S1).

DISCUSSION

We here report novel mutations of SLC30A2 causing TNZD
in three infants. The first mutation was a missense muta-
tion (c.679G>A in exon 5 of SLC30A2), resulting in the
D227N substitution at the crucial intramembranous zinc-
binding site of ZNT2. This mutation is at an important posi-
tion that is essential for zinc transport and is thus conserved
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% Growth Control
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-~ WT —a A1TM4 +ZNT2
A1TM4 —o— A1M4 + D227A

- WT -4 ATM4 + ZNT2
A1TM4 —o— A1M4 + D227N

WT A1M4 WT A1M4

ZNT2WT - - + - ZNT2WT - - + -

ZNT2D227N - - - + ZNT2D227A - - - +
48 148

HA = HA - =
63 63

Tubulin | S S—— Tubulin - — —
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FIGURE 1 A novel missense mutation in solute carrier family 30 member 2 (SLC30A2) identified in the nursing mother of an infant with transient
neonatal zinc deficiency. (A) The position of the mutation (c.679G>A in exon 5) in the schematic of the SLC30A2 gene. (B) Electropherogram showing
the ¢.679G>A mutation in exon 5, which results in a D227N substitution. (C) Evaluation of the zinc transport activity of the D227N ZNT2 mutant using
Znt]™~Mr~'~Znt4~~ cells. The cells were grown in the presence of the indicated concentrations of ZnSO, for 48 h, and the number of living cells was
measured using the alamarBlue assay (plotted as a percentage of living cells at 0 uM ZnSO, for each group of cells). (D) Evaluation of the zinc transport
activity of the D227A ZNT2 mutant as described in (B). In (C) and (D), WT means wild-type DT40 cells, AIM4 indicates ZntI =/~ Mt~ Znt4~/~
cells, AIM4 + ZNT?2 indicates Znt] ™'~ Mt~/ Znt4~'~ cells stably transfected with WT ZNT2, and AIM4 + D227N indicates Znt1~/~ Mt~ Znt4~/~
cells stably transfected with D227N-mutant ZNT2. ZNT2, tagged with HA at the C-terminus, was used. Each value represents the mean + standard
deviation of triplicate experiments (upper graph). **Significant difference between the cells expressing WT ZNT2 and mutant ZNT2 proteins (P < 0.01).
Twenty micrograms of the total cellular proteins prepared from the respective cells were immunoblotted to demonstrate ZNT2 protein expression in the
respective cells (lower panels). Tubulin was used as a control. Each experiment was performed at least thrice, and representative results from independent
experiments are presented.

among ZNT family proteins. Specifically, the conserved
site is called the HDHD motif, consisting of two histidines
(His, H) and two aspartic acids (Asp, D) residues.?223 Thus,
the HDHD zinc-binding motif is altered to HDHN in the
mother (the altered residue is underlined). This alteration
was considered to be responsible for the breast milk zinc
deficiency in this case; however, the altered motif could
have the ability to bind zinc, because a Gln (N) residue can
accommodate zinc as a zinc coordination residue, although
this is rare.?? Indeed, functional assays confirmed that this
was a loss-of-function mutation. It is unclear whether the
loss-of-function D227N heterozygous mutation resulted in
a low zinc level in breast milk in a dominant-negative man-
ner or in a haploinsufficient manner. The manifestation of
zinc deficiency was found at the age of 2-3 months in
patient 1, which is much later compared with the typi-

cal postnatal age of 10 days in the case of a homozygous
mutation®! or 13 days in the case of a compound heterozy-
gous mutation.'* In both of these previously reported cases,
the breast milk zinc content was extremely low.'*?! Con-
sidering these points, low zinc content in the breast milk of
a mother with the D227N mutation would likely be caused
by haploinsufficiency, as reported for other missense muta-
tions causing TNZD.!2:14:16-20 However, further studies are
warranted to elucidate the underlying mechanism.

The second mutation, which was identified in two unrelated
mothers, was a heterozygous mutation in the SLC30A2
promoter, representing the first association of SLC30A2
promoter mutation with TNZD pathogenesis. Interestingly,
the multiple mutations overlap with the SLC30A2 promoter
sequence “-“TGCACAC-” from position —301 to —295
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(A)
SLC30A2/ZNT2 “
— i L
TGGeCTTTT ATG
exon 1
(B)
-316 CGGGCTTTTEmap 5 -286
TTeccceSE8SCT T TscacAceACaLaCCE

WT allele
MRE

-316 -286
TTCCCCGICGGGCTT ACGCGCCG

(D)

Mutant allele

316 MRE (substituted) _2gg

TTCCCCETGTGCAAARGCACACIBACGCGCCG

FIGURE 2 Heterozygous mutations in the solute carrier family 30 member 2 (SLC30A2) promoter identified in the nursing mothers of infants with
transient neonatal zinc deficiency. (A) Schematic of the SLC30A2 gene including promoter region. The position of “CGGGCTTTT” is shown. (B)
Electropherograms showing the mutations ¢.-309C>T, ¢.-307G>T, c.-304T>A, c.-303T>A, ¢.-302T>A, and c.-301T>A in the SLC30A2 promoter
(referring to the adenine of the start codon methionine as +1). (C) Electropherograms of wild-type (WT) allele of the corresponding positions shown
in (B). (D) Electropherograms of a mutant allele of the corresponding positions shown in (B). The position of the substitutions and the metal response
element (MRE) site is framed in a red or black square in the sequence shown above each electropherogram. The MRE in the mutant allele is substituted

(see text).

(with reference to the adenine of the start codon methion-
ine as +1). This sequence was reported as a metal response
element (MRE),** serving as the binding site of metal-
responsive transcription factor 1 (MTF1).>!3> The MRE
site was reported to be crucial for zinc-dependent SLC30A2
transcription based on a luciferase reporter assay.>’ The
overlap of the mutations identified in this study with the
MRE site (T at the —301st position) suggests that impor-
tant regulatory element(s) for SLC30A2 transcription may
reside in or around these positions, and that binding of
transcription factor(s) to the element(s) may be disrupted,
which may explain the pathogenesis of TNZD in these two
infants. One possibility is that MTF1 upregulates SLC30A2
transcription in cooperation with as-yet uncharacterized
lactogenic hormone signaling. However, we do not cur-
rently have experimental data to support this possibility
(Figure S1). At present, the molecular mechanism underly-
ing the involvement of these novel heterozygous mutations
in the SLC30A2 promoter in the observed phenotype of
low zinc breast milk is unclear. However, the fact that the
same mutations were found in two mothers who have no
direct blood relationship strongly suggests that they are
likely to be involved in TNZD pathogenesis in breastfed
infants. We are continuing to investigate the molecular
mechanism by which multiple mutations in the SLC30A2
promoter result in low milk zinc secretion, in addition to
examining the possibility proposed above, which would

further provide a clue into the mechanism by which a
large amount of zinc is secreted into the breast milk during
lactation.

Overall, the genetic information concerning TNZD patho-
genesis remains limited. However, the identification of
these novel heterozygous mutations confirms the presence
of a larger variety of TNZD-causing SLC30A2 mutations.
The symptoms of TNZD in the infant patients reported
herein, which were attributed to low levels of zinc in
the mothers’ breast milk, were cured by early diagno-
sis and zinc supplementation therapy and did not reoccur
after weaning. The opportunity for early diagnosis and
treatment was available owing to the accumulating infor-
mation on TNZD pathogenesis in breastfed infants in
Japan,!418:19.24.33 quch information and further insights
into TNZD pathophysiology are crucial to enable clinicians
to diagnose and treat patients at an early stage, without
confusing TNZD and AE. This timely recognition helps to
support the normal growth and development of breastfed
infants while making appropriate nutritional care available
to subsequent children in affected families.
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