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ABSTRACT: Rapid cellular zinc influx regulates early mammalian development during the oocyte-to-egg transition through modulation of the

meiotic cell cycle. Despite the physiological necessity of this zinc influx, the molecular mechanisms that govern such accumulation are unknown.

Here we show that the fully grown mammalian oocyte does not employ a transcriptionally based mechanism of zinc regulation involving metal

response element-binding transcription factor-1 (MTF-1), as demonstrated by a lack of MTF-| responsiveness to environmental zinc manipula-

tion. Instead, the mammalian oocyte controls zinc uptake through two maternally derived and cortically distributed zinc transporters, ZIP6 and

ZIP10. Targeted disruption of these transporters using several approaches during meiotic maturation perturbs the intracellular zinc quota and

results in a cell cycle arrest at a telophase I-like state. This arrest phenocopies established models of zinc insufficiency during the oocyte-to-

egg transition, indicating the essential function of these maternally expressed transporters. Labile zinc localizes to punctate cytoplasmic structures

in the human oocyte, and ZIP6 and ZIP10 are enriched in the cortex. Altogether, we demonstrate a mechanism of metal regulation required for

female gamete development that may be evolutionarily conserved.
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Introduction

Cell cycle control in the female germ cell requires massive intracellular
fluxes of zinc for the oocyte to progress through meiosis and become
fertilization-competent. The total intracellular zinc quota is traditionally
divided into two distinct categories (Outten and O’Halloran, 2001). In
the first category, a population of zinc ions forms tight covalent bonds
to protein side-chains, where it mediates catalytic or structural roles.
In the second category, zinc ions can be bound weakly to a number of
biomolecules in a readily exchangeable form, and this is referred to as
the free, or kinetically labile zinc ion pool (Dean et al., 2012). Under
normal or resting conditions, most cells maintain cytosolic levels of
labile zinc at low levels (Outten and O’Halloran, 2001; Bozym et dl.,
2006; Eide, 2006). In eukaryotic cells in a non-stimulated state, the
free zinc in the cytosol is estimated to be <0.| pM (Bozym et al.,
2006; Qin et al., 201 1). Several lines of evidence support the idea that
temporal fluctuations in intracellular zinc availability, and the ensuing

changes in zinc-binding to key receptor sites, may function in signaling
pathways such as those that utilize calcium and cAMP (O’Halloran,
1993; Finney and O’Halloran, 2003; Yamasaki et al., 2007). Such exam-
ples can be found in neurons (Vogt et al., 2000; Baranano et al., 2001; Li
etal.,2001; Uenoetal., 2002), immune cells (Kabu et al., 2006; Yamasaki
etal.,2007; Haase etal., 2008; Nishida et al., 2009) and pancreatic 3-cells
(Dodson and Steiner, 1998; Kim et al., 2000; Ishihara et al., 2003;
Mocchegiani et al., 2008). Recently, female germ cells were identified
as another cell type in which fluctuations in cellular zinc levels and avail-
ability correlate with cell fate decisions.

In mammals, zinc flux drives a fundamental developmental event: the
oocyte-to-egg transition (Kim et al., 2010, 201 |; Suzuki et al., 2010b;
Bernhardtetal., 201 |; Tian and Diaz, 201 |; Kong et al., 2012). This tran-
sition refers to the release of the oocyte from meiotic arrest in prophase |
(PI), followed by progression through meiosis to a second arrest in
metaphase Il (MIl), at which point the cell is referred to as a mature
egg. Importantly, the entire process of meiotic maturation occurs in
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the absence of transcription (Medvedev et al., 201 1). Single-cell metallo-
mic analysis using synchrotron-based X-ray fluorescence microscopy
(XFM) demonstrated that total intracellular zinc increases by ~50%
during meiotic maturation and decreases by ~20% following fertilization
(Kim et al., 2010). Zinc chelation causes premature arrest in a telophase
I-like state demonstrating that this transition metal provides an elemental
switch driving the oocyte-to-egg transition (Kim et al., 2010). One of the
targets of zincis Early Meiosis Inhibitor 2 (EMI2, official symbol FBXO43),
whose activity is necessary to drive the cell cycle toward metaphase
(Madgwick et al., 2006; Bernhardt et al., 2012). The activity of EMI2
depends on its zinc-binding region (ZBR), as mutations in the ZBR
prevent cell cycle functions (Suzuki et al., 2010a; Bernhardt et al., 2012).

The precise mechanisms by which the oocyte controls such a prodi-
gious influx of zinc are unknown, particularly in the absence of transcrip-
tion during the oocyte-to-egg transition. In somatic cells, the availability
of intracellular zinc is regulated by zinc finger transcription factors such as
metal response element-binding transcription factor | (MTF-I), zinc-
binding proteins called metallothioneins (MTs), and a number of integral
membrane zinc transport proteins which move this divalent ion across
lipid bilayers (Palmiter, 1998; Andrews, 2001; Palmiter, 2004; Hirano
etal., 2008). Two families of zinc transporters are known in eukaryotes:
the ZRT, IRT-like protein (ZIP) family, also known as solute carrier family
39 (SLC39), which modulate zinc uptake into the cytoplasm either from
the extracellular environment or from storage compartments, and the
zinc transporter (ZnT) family, also known as solute carrier family
30 (SLC30), which modulate zinc efflux from the cytoplasm. To date,
| 4 transporters of the ZIP family and 1 0 of the ZnT family have beeniden-
tified in mammalian cells (Lichten and Cousins, 2009). In contrast, the
metallothionein proteins are small (6 kDa) soluble proteins which con-
tribute to intracellular zinc physiology by binding zinc and other heavy
metals, and possibly acting as a zinc reservoir or a zinc-scavenging mech-
anism (Dalton et al., 1996; Suhy et al., 1999). The expression of several
zinc transporters and MTs is under the transcriptional regulation of
MTF-1, a transcription factor that modulates gene expression via activa-
tion or repression mechanisms in response to alterations in intracellular
zinc levels (Heuchel et al., 1994; Andrews, 2001; Lichten et al., 201 1).

Inthis study, we have identified the molecular mechanism by which the
mammalian oocyte controls the zinc accrual required for meiotic matur-
ation in the unique context of transcriptional quiescence (Bouniol-Baly
etal., 1999). We found that MTF- | -based mechanisms of metal regula-
tion areinactivein the fully grown mouse oocyte. Instead, zinc accrual and
meiotic progression are dependent on the stable expression of ZIP6 and
ZIP10, genes which we have identified as having a maternally derived ex-
pression pattern; these encode SLC39 family zinc transporters which
import zinc ions across plasma or luminal membrane into the cytosol.
Moreover, ZIP6 and ZIP10 protein expression is conserved in the
human oocyte, suggesting an essential and evolutionarily conserved
role of zinc in meiotic maturation, and perhaps a previously unrecognized
role in human fertility and infertility.

Materials and Methods

Animals, cell collection and culture

All experiments were performed using CD-| mice (Harlan Laboratories,
Indianapolis, IN, USA) that were housed in a controlled barrier facility at
Northwestern University’s Center of Comparative Medicine under constant

temperature, humidity and light (12 hlight/ 12 h dark). Food and water were
provided ad libitum. All animal use was approved under protocols submitted
to the Northwestern University’s Institutional Animal Care and Use Com-
mittee. Animals were maintained according to the National Institutes of
Health’s guidelines.

Meiotically incompetent Pl-arrested oocytes were collected from the
ovaries of |3-day-old female mice after enzymatic digestion with 0.1% col-
lagenase and 0.01% DNase (Worthington Biochemical, Lakewood, NJ,
USA) in Leibovitz's L-15 medium (L-15) (Sigma-Aldrich, St. Louis, MO,
USA) as previously described (Xu et al., 2006). Fully grown, meiotically com-
petent Pl-arrested oocytes were collected from the ovaries of 21-day-old
mice 44—46 h following injection with 5 |U equine chorionic gonadotrophin
(eCG, EMD Biosciences, San Diego, CA, USA) into L- 15 supplemented with
19% (v/v) fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 10 uM
milrinone (Sigma-Aldrich). MIl eggs were collected from the oviducts of six-
to ten-week-old female mice injected with 51U eCG and then 5 IU hCG
(Sigma-Aldrich) 46—48 h later into L-15 supplemented with 1% FBS. For
embryo collection, the same hormone stimulation protocol was used as
for Mll egg collection, and primed female mice were mated with CD-|
males. One-cell, 2-cell, 8-cell and blastocyst stage embryos were flushed
from either the oviducts or the uteri at 20-21, 41 —44, 68—70, 92—96 h
post-hCG, respectively, into potassium simplex optimized medium with
amino acids (KSOM+AA, Millipore, Billerica, MA, USA).

For metal responsiveness experiments, oocytes were cultured in in vitro
maturation (IVM) medium comprised of minimum essential medium (MEM)-
alpha GlutaMAX (Invitrogen) supplemented with 10% FBS for 14 h. 10 uM
TPEN or 200 wM ZnSOy (Sigma-Aldrich) was added to the base culture
medium for select treatment groups. TPEN and ZnSO, were prepared in
Milli-Q water at stock concentrations of | and 10 mM, respectively. At the
end of culture, samples were collected for MTF-| staining or qRT—PCR, as
described below.

Imaging of labile zinc

Labile zinc distribution was examined in live cells. Morpholino-injected
oocytes were removed from culture at the defined time points. All cells
were incubated in 50 nM ZincBY-1 followed by 10 pwg/ml Hoechst 33342
(Invitrogen) for 5 min (unpublished data).

All samples were imaged in drops of IVM medium overlaid with embryo
culture oil (Irvine Scientific, Santa Ana, CA, USA) in glass-bottom dishes
(Bioptechs, Inc., Butler, PA, USA). Samples were imaged using a TCS SP5
confocal microscope, (Leica Microsystems, Heidelberg, Germany) equipped
with a stage top incubator (Tokai Hit, Shizuoka, Japan), x40 oil-immersion
objective, and HeNe (543 nm), Ar (488 nm) and near-UV (405 nm) laser
lines. Images were collected at | wm intervals along the Z-axis to span the
entire volume of the cell. Following labile zinc imaging, selected oocytes
were processed for immunofluorescence as described below.

Antibody production

All protein expression, purification and custom antibody synthesis for ZIP6
and ZIP10 were done by GenScript (Piscataway, NJ, USA). For ZIP10, a
peptide was synthesized and used to produce a polyclonal antibody in
rabbits. A cysteine was added to the C-terminus of the peptide to facilitate
conjugation to keyhole limpet hemocyanin (KLH). For ZIP6, a portion of
the protein corresponding to amino acids 455—666 was subcloned for bac-
terial expression. All antibodies were affinity purified and reconstituted to a
final concentration of 5 mg/ml. The ZIP10 blocking peptide was also recon-
stituted to afinal concentration of 5 mg/ml. All sequences arelistedin Table .

For function blocking with antibodies, oocytes were cultured in IVM
medium containing rabbit 1gG (GenScript), ZIP6, ZIP10 or a mixture of
ZIP6and ZIP |0 antibodies for 14 h and subsequently processed forimmuno-
fluorescence. All antibodies were used at a final concentration of 50 wg/ml.
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Table I Table of antibody and morpholino sequences.

Antibodies

ZIP6 Ab  KQFKDKKKKN QKKPENDEDV ESKKQLSKYD
SQLSSNEEKY DPGERPESYL RADSQEPSPF DSQQPTMLEE
EEVMIAHAHP QEVYNEYVPR GCKNKCHSHF
HDTLGQSDDL IHHHHDYHHI LHHHHHOQNHH
PHSHSQRYSR EELKDAGIAT LAWMVIMGDG

LHNFSDGLAI GAAFTEGLSS GLSTSVAVFC HELPHELGDF

AVLLKAGMTV KQ
ZIP10 VTSKRNHKCDPEKEC
Ab
Morpholinos

Zipe MO GGCCAT TGCACCTTCCTCTCCTGG

Zipl0 TGCACCTTCATTTCTACTTTTCCTC
MO

Immunofluorescence

For detection of MTF-1 (Santa Cruz Biotech, Santa Cruz, CA, USA), ZIP6
(GenScript Corporation) and ZIP10 (GenScript), oocytes and embryos
were incubated briefly in acidic Tyrodes solution (Millipore) to remove the
zona pellucida and fixed in 3.8% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA) in PBS for | h at room temperature. The cells
were permeabilized in PBS containing 0.1% Triton X-100 and 0.3% bovine
serum albumin (BSA) for |5 min at room temperature and rinsed twice
through blocking solution of PBS containing 0.3% BSA and 0.01%
Tween-20 (Sigma-Aldrich). The cells were then incubated in primary anti-
body overnight at 4°C. Dilutions used included: 1:10 MTF-1 (20 pg/ml),
1:200 ZIP6 (25 pg/ml) and 1:2000 ZIPIO (2.5 pg/ml). Samples were
washed three times, incubated in secondary antibody with rhodamine-
phalloidin (1:50, Invitrogen) for | h at room temperature and then washed
again. Secondary antibody used: 1:100 Alexa Fluor 488-conjugated mouse
anti-rabbit IgG (Invitrogen). Controls for ZIP6 included incubation with pre-
immune serum (1:200) and secondary antibody only (GenScript). Controls
for ZIP10 included incubation with pre-absorbed antibody incubated with
blocking peptide at a |:5 ratio. After staining, all samples were mounted in
Vectashield containing DAPI (Vector Laboratories, Burlingame, CA, USA),
and imaged on an SP5 confocal microscope as described above for live
imaging. For quantification of MTF-1 fluorescence intensity, regions of inter-
est (ROIs) were designated for the entire cell and the nucleus using the Image|
software (National Institutes of Health, Bethesda, MD, USA). The ratio of
fluorescence intensity in the nucleus to the intensity in the cytoplasm was cal-
culated based on pixel intensity.

For analysis of spindle morphology after microinjection, oocytes were
fixed in 2% formaldehyde containing 0.1% Triton X-100 for 0.5 h at 37°C.
Following fixation, samples were blocked at 4°C in phosphate-buffered
saline (PBS) containing 0.01% sodium azide, 0.1% glycine, 3 mg/ml bovine
serum albumin, 0.019% Tween 20, and 0.1% Triton X- 100 (blocking solution).
For staining, oocytes were incubated in a FITC-conjugated anti-o-tubulin
antibody (1:100 dilution; Sigma-Aldrich) and rhodamine-phalloidin (1:50
dilution) in blocking solution for | h at 37°C followed by three washes.

Quantitative real-time PCR

Total RNA was isolated from sets of 50 oocytes or embryos of the indicated
stages or treatments using the PicoPure RNA Isolation Kit (Invitrogen). Syn-
thesis of cDNA was done using the SuperScript VILO cDNA synthesis kit
with random hexamers (Invitrogen). Total RNA isolated was reverse

transcribed in a 20 pl volume. Quantification was done by quantitative real-
time PCR (qRT—PCR) using the ABI Tagman Assay-on-demand primer sets
for the transporters indicated, and normalized to Gfp mMRNA. One oocyte or
embryo equivalent of cDNA was used for each real-time PCR reaction.
Changes in expression were expressed as fold change using the comparative
C.method. PCR reactions were performed in duplicate for each sample, and
each sample was collected from three independent experiments.

Morpholinos and microinjection

Morpholinos (MOs) were designed to target the 5'UTR of Zip6 and Zip 10
(Genetools, Philomath, Oregon, sequences in Table I). All MOs were dis-
solved to 5 mM in molecular-grade water and stored at —80°C according
to the manufacturer’s instructions. Prior to injection, MOs were heated to
65°C for 10 min and centrifuged briefly to remove particulates. For micro-
injection, meiotically competent Pl oocytes were collected and injected in
L-15 medium containing 0.05% polyvinyl alcohol (Sigma-Aldrich), 0.5%
penicillin-streptomycin (Invitrogen) and |0 wM milrinone (Sigma-Aldrich).
Approximately 5—7 pl of MO was injected into the oocyte cytoplasm using
an Eppendorf FemtoJet pressure microinjector with Femtotip injection capil-
laries (Eppendorf, Hauppauge, NY, USA). A cohort of injected oocytes were
maintained in «MEM with 10% FBS and [0 M milrinone, with or without
10 M UO126, for 14— 16 h. Another cohort of injected oocytes were trans-
ferred to in vitro maturation medium for 14 h. Uninjected oocytes served as
controls. At the end of culture, the meiotic stage of these cells was scored
morphologically by light microscopy. The cells were then imaged for labile
zinc or fixed and imaged for spindle morphology as described above.

Human oocyte acquisition

Ovaries were surgically removed from females undergoing ovarian tissue
cryopreservation for fertility preservation following informed consent
under an Institutional Review Board-approved protocol at Northwestern
University. The ovarian tissue was processed for cryopreservation using a
standard technique in which the ovarian cortex was separated from the
medulla (http://oncofertility.northwestern.edu/media/dissection-human-
ovary-preparation-cryopreservation). As a consequence of this tissue
processing, small antral follicles were disrupted causing the release of
cumulus-oocyte-complexes (COCs) into the media. Up to 20% of this
ovarian tissue, including the COCs, were designated for basic research. To
obtain COCs, the media that remained post-tissue processing was passed
through a 70 mm cell strainer (BD, Franklin Lakes, NJ, USA), and the
COCs were collected manually. In some cases, the cumulus cells were
removed from the oocyte by mechanical agitation. The denuded oocytes
or COCs were then processed for labile zinc imaging or immunocytochem-
istry with ZIP6é and ZIP10 antibodies. In this study, we analyzed a total of |3
human oocytes from 6 participants ranging in age from 16 to 39 years
(Table II).

Statistical analysis

Data presented in all graphs represent the mean + SEM. Significant changes
between groups were analyzed by either one-way ANOVA followed by
Bonferroni’s post hoc test or by Student’s t-test at a statistical significant of
at least P < 0.05. All analysis was done using Prism 4 (GraphPad Software).

Results

Common zinc homeostasis mechanisms
are inactive in fully grown mouse oocytes

During meiotic maturation in mammalian oocytes, zinc levels rise signifi-
cantly: over the course of 12 h, the fully grown oocyte accrues ~20
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Table Il Table of human participant characteristics.
ID Age (years) Medical diagnosis Number of oocytes Fluozin- 3 AM ZincBY-I o-ZIP6 a-ZIP10
used for study staining staining staining staining
A 27 Endometrial cancer 3 X
B 33 Endometrial cancer 4 X
C 19 Ewings sarcoma 2 X
D 37 Endometrial stromal sarcoma I X X
E 6 Relapsed Pre-B ALL 2 X
F 39 Breast DCIS | X

billion zincions, an increase of over 50% (Kim et al., 2010). To determine
how the oocyte manages such rapid changes in its intracellular zinc
content, we examined known components of transition metal regulation
in oocytes at different stages of development. The growing oocyte is im-
mature and incapable of undergoing meiotic maturation (Zuccotti et al.,
[995). These meiotically incompetent oocytes exhibit a high degree of
transcriptional activity, which is tightly associated with a pattern of
decondensed euchromatin known as the non-surrounded nucleolus
(NSN) configuration (Debey et al., 1993) (Fig. | Ai inset). Beginning at
the antral follicle stage, the oocyte acquires meiotic competence and
transcription ceases (Zuccottietal., 2002; Miyaraetal., 2003). Transcrip-
tional quiescence in the fully grown oocyte is correlated with a transition
of chromatin from the NSN configuration to the surrounded nucleolus
(SN) configuration, in which the condensed heterochromatin tightly sur-
rounds the nucleolus (Debey et al., 1993; Zuccotti et al., 1995) (Fig. | Aii
inset).

Given the well-established differences in transcriptional activity
between oocytes with NSN and SN chromatin configurations, we
hypothesized that differences may also exist in MTF-1 function
between these two oocyte cohorts. Under standard cellular conditions,
MTF-1 is a transcription factor that shuttles between the nucleus and
cytoplasm. In the presence of zinc, MTF-I rapidly translocates from
the cytoplasm to the nucleus, where it binds to its cognate DNA
motif, i.e. the metal response element (MRE), to regulate the expression
of genes involved in maintaining zinc homeostasis (Radtke et al., 1993).
Using an MTF-1-specific antibody, we detected MTF-1 staining in the
nuclei of NSN oocytes, suggesting the presence of transcriptionally
based mechanisms of zinc homeostasis during this stage of oocyte devel-
opment (Fig. | Ai, ii). Further, we found that the nuclear:cytoplasmic ratio
of MTF-I was significantly greater in oocytes with a NSN configuration
compared with those with a SN configuration (Fig. | A).

Given these differences in nuclear MTF-| levels between oocytes
that are transcriptionally inactive and fully grown (SN) versus those
that are not (NSN), we next examined how these two oocyte cohorts
responded to manipulations of environmental zinc levels. Extracellular
zinc levels were increased or decreased by culturing oocytes in
200 WM ZnSO4 or 10uM  TPEN
ethylenediamine), a membrane-permeant zinc chelator for 14 h, re-

(tetrakis-(2-pyridylmethyl)

spectively. All oocytes exposed to ZnSO4 or TPEN remained morpho-
logically indistinguishable from control oocytes as visualized by light
microscopy, suggesting that the treatments were not toxic to the cells
(Fig. 1Bi—iii). In oocytes with a NSN configuration, clear changes in

MTF-1 localization were apparent and these correlated with external
zinc levels (Fig. |Biv, v, vi). Exposure to excess zinc resulted in a signifi-
cantly increased nuclear:cytoplasmic ratio of MTF-1 when compared
with untreated oocytes, while zinc chelation resulted in a significant
decrease (Fig. IB). In contrast, no changes in MTF-I localization
were observed in oocytes with an SN configuration undergoing
meiotic maturation regardless of external zinc levels (Supplementary
data, Fig. SI).

To further examine responsiveness to zinc in these two oocyte
cohorts, we assessed MTF-1 function by quantifying the transcript
levels of the zinc-responsive genes Mt| and Mt2 following exposure to
ZnSO, or TPEN. Excess zinc exposure in NSN oocytes caused a dramat-
ic 400-fold increase in Mt/ and 1000-fold increase in Mt2 mRNA levels
(Fig. 1Ci, iii), whereas the same exposure in SN oocytes had no effect
on Mt expression (Fig. | Cii, iv). In addition, no significant changes in Mt
levels were detected with zinc deficiency induced by TPEN chelation in
both NSN and SN oocytes. Taken together, these results suggest that
the common MTF-|-mediated metal regulatory mechanisms present
in most somatic cells are also present and functional in the growing, tran-
scriptionally active oocyte of the NSN configuration, but are largely atte-
nuated or absent in the fully grown SN oocyte.

ZIP6 and ZIP 10 are highly abundant,
maternally-derived zinc transporters
in the oocyte

To determine how the oocyte acquires zinc during meiotic maturation in
the unique environment of transcriptional quiescence, we broadly sur-
veyed the expression patterns of all 24 zinc transporters using a com-
bined approach of microarray data published on GEO Profiles and
BioGPS (Su et al., 2004; Zeng et al., 2004) and semi-quantitative reverse-
transcriptase PCR (data not shown). From this, we identified a cohort of
seven transporters to examine further based upon their unique patterns
of expression and/ or their relative abundance, and profiled their expres-
sion in the oocyte, egg and early embryo using qRT—PCR (Fig. 2). Of
these, ZnT |, ZnT4 and ZnT5 demonstrated a maternal-to-zygotic ex-
pression pattern, wherein expression was high in the oocyte, decreased
during meiotic maturation and fertilization, and increased again during
preimplantation embryo development (Fig. 2A, C and D). This expres-
sion profile of maternal transcripts being replaced by zygotic transcripts
is common to many genes with basic cellularfunctions (Zengetal., 2004).
In contrast, ZnT3, Zip6, Zip8 and Zip/0 demonstrated a maternal
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Figure | Zinc responsiveness is suppressed in meiotically competent oocytes. (A) Meiotically incompetent oocytes (non-surrounded nucleolus con-
figuration, NSN) and meiotically competent oocytes (surrounded nucleolus configuration, SN) were isolated and cultured in control media for 14 h,
and immunofluorescence done for metal response element-binding transcription factor-1 (MTF-1). Representative optical confocal sections in NSN
(Ai) and SN (Aii) oocytes are shown. Dotted lines outline the nuclei. Representative images of NSN and SN nuclear configurations are shown as insets.
Graph represents quantification of MTF-I immunofluorescence intensity as a ratio of nuclear:cytoplasmic fluorescence intensity. (B) NSN oocytes
were cultured in control media or media supplemented with 200 uM ZnSO4 (Zn) or 10 wM TPEN (TPEN) for 14 h. Representative transmitted light
images of oocytes at end of culture are shown ini-iii; images of MTF- | staining are shown in iv-vi, dotted lines outline the nuclei. MTF- | immunofluorescence
intensity was quantified as in (A). In (A) and (B), scale bars in transmitted light images = 80 m, in confocal images = 25 um. At least 20 oocytes were
measured from each treatment group from three independent experiments. Data are shown as the mean + SEM. Asterisks represent statistical significance
when compared with NSN (A) or NSN control (B) at P < 0.001 as calculated by student t-test. (C) Quantitative real-time PCR (qQRT—PCR) of MT | and
MT2in NSN and SN oocytes at time of isolation (0 h) and at the end of culture in control, Zn or TPEN media as in (B). RNA was isolated from 50 oocytes
from each treatment group in three separate experiments. Data are shown as the mean + SEM. Asterisks in (Di, iii) represent statistical significance when
compared with 0 h oocytes at P < 0.001 by student t-test. See also Supplementary data, Fig. SI.

expression pattern, whereby expression was high in the oocyte and egg meiotic maturation and early development prior to the activation of the
but decreased and remained low after fertilization (Fig. 2B and E-G). This zygotic genome (Zeng et al., 2004). Of note, Zip6é and Zip | 0 transcripts
limited expression pattern is characteristic of genes that are critical for were approximately six- to ten-fold higherin relative abundance compared
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Figure 2 Zip6 and Zip|0 are highly expressed in the mouse oocyte and display a maternal expression pattern. (A—G) Relative amounts of zinc trans-
porter mRNAs were evaluated across meiotic maturation and early embryo development by gRT—PCR. In each experiment, 50 oocytes or embryos were
used to isolate MRNA, and the experiment was performed in triplicate. Data represent the mean + SEM relative to the value obtained for Pl oocytes.
Pl, prophase [; MIl, metaphase II; | C, I-cell embryo; 2C, 2-cell embryo; 8C, 8-cell embryo; Blast, blastocyst embryo. (H) The relative amounts of each
zinc transporter in the Pl oocyte were analyzed. The data represent the mean + SEM relative to the value obtained for ZnT|. Letters denote statistically
significant differences between relative transcript abundance for each transporter (P < 0.01).

with all of the other zinc transporters examined in the oocyte (Fig. 2H). transporters may be key regulators of zinc accrual during meiotic
These expression profiles are consistent with results published in GEO maturation. To examine the role of these transporters during
Profiles and BioGPS (Su et al., 2004; Zeng et al., 2004). meiosis, we generated custom ZIP6- and ZIP|0-specific antibodies. Im-

The maternal expression pattern, combined with the relative high munocytochemistry of meiotically incompetent NSN oocytes, fully

abundance of Zip6 and Zip/0 mRNA, suggested that these two zinc grown oocytes at different stages of meiosis, and preimplantation
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Actin

blastcyst

Figure 3 Temporal-spatial localization of ZIP6 and ZIP10 during meiotic maturation and preimplantation embryo development. (A) ZIPé localization
during meiotic maturation and early embryo development was determined by immunofluorescence using a custom synthesized antibody to ZIP6. Samples
were collected at the indicated time points (NSN PI, SN PI, MI, MIl, 2C, blastocyst) and processed for immunostaining. A minimum of 50 cells were exam-
ined in each group and representative images are shown. (B) ZIP10 localization was determined in a similar fashion as (A) with custom synthesis of an anti-
body to ZIP10. A minimum of 50 cells were examined in each group and representative images are shown. NSN, non-surrounded nucleolus; SN,
surrounded nucleolus; Pl, prophase I; Ml, metaphase I; Mll, metaphase II; 2C, 2-cell embryo. In merged images (Ai’-vi’, Bi’-iv’), ZIP6 (A) or ZIP10 (B) is
green, F-actin is red and DNA is blue. Scale bars, 25 um. At least 20 cells were visualized at each stage in three independent experiments. Asterisk repre-

sents an adjacent oocyte. See also Supplementary data, Fig. S2.

embryos revealed that both ZIP6 and ZIP 0 localized to the cortex and
overlapped with actin (Fig. 3). ZIP6 and ZIP 10 localized at least in part to
the cell surface, since non-permeabilized cells still displayed substantial
cortical immunoreactivity (Supplementary data, Fig. S2Aii and Bii).
However, this cortical staining was not uniform, indicating that antibody
access to some fraction of the epitopes required membrane permeabil-
ization. In the early embryo, ZIP6 and ZIP | 0 were excluded from regions
of cell—cell apposition such that in blastocyst stage embryos, there was
no ZIP6 or ZIP10 detectable in the inner mass cells (Fig. 3Av-vi, Bv-vi).
Both of these antibodies were highly specific, as preimmune serum for
ZIP6, peptide pre-absorption of the ZIP|0 antibody, or omission of
the primary antibody resulted in an absence of the immune-reactive
signal (Supplementary data, Fig. S2Aiii—iv and Biii—iv). Thus, the cortical
localization of ZIP6 and ZIP 10 is consistent with a potential role of these
transporters in regulating zinc accrual from the extracellular milieu during
meiotic maturation.

Disruption of Zipé and Zip 10 causes meiotic
resumption in prophase l-arrested oocytes

Todetermine if ZIP6 and ZIP | 0 are necessary for regulating zinc homeo-
stasis during meiotic maturation, we functionally disrupted these trans-
porters in oocytes using two independent approaches: microinjection
of transporter-specific morpholinos and incubation with function-
blocking antibodies. We hypothesized that if these methods were suc-
cessful in perturbing intracellular zinc levels, then the oocytes should
phenocopy the state of zinc insufficiency induced by zinc chelation with
TPEN. These TPEN-induced phenotypes include the spontaneous re-
sumption of meiosis in Pl-arrested oocytes due to activation of the
MOS-MAPK pathway (Kong et al., 2012) and premature meiotic arrest
at telophase | during meiotic maturation (Kim et al., 2010; Bernhardt
etal,2011,2012). To determine whether knockdown of the zinc trans-
porters Zip6é and Zip | 0 could induce zinc insufficiency and cause the first
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of these phenotypes, i.e. meiotic resumption, we microinjected
Pl-arrested oocytes with Zip6é or Zip |0 morpholinos (Fig. 4A). These
morpholinos successfully disrupted zinc homeostasis, as the punctate
fluorescence pattern detected in control oocytes with the labile zinc
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fluorophore ZincBY-1 (Que et al., manuscript under review) was
ablated in morpholino-injected oocytes (Fig. 4B). These results suggest
that disruption of zinc transporters indeed alters the labile zinc content
of the cell.
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Figure 4 Disruption of Zip6 and Zip | 0 expression recapitulate phenotypes of TPEN-induced zinc insufficiency. (A) Oocytes were injected with 5 mM
Zip6 or Zip | 0 morpholino (MO) and held in milrinone medium alone or milrinone medium supplemented with 10 uM U0126. Control oocytes were unin-
jected and held in milrinone medium. (B) Labile zinc distribution was visualized in injected oocytes by staining with 50 nM ZincBY-1. (C) At the end of
culture, the percentage of oocytes undergoing germinal vesicle breakdown (GVBD) was calculated. Black bars represent oocytes held in milrinone,
while white bars represent oocytes held in milrinone with U0 126. (D—F) Oocytes were injected with 5 mM Zip6 or Zip | 0 MO, held for 10 h in milrinone
medium and then transferred to in vitro maturation medium for |4 h before being imaged for labile zinc distribution (E) or fixed for immunostaining (F). (F)
Spindle structure was interrogated by labeling oocytes with a-tubulin (green), actin (red) and chromatin (blue). Representative confocal images of Mll and
telophase |-like spindles are shown as Z-stack projections. (G) The percentage of oocytes arrestingin a telophase I-like phenotype was calculated for control
uninjected and Zip6 and Zip | 0 MO injected oocytes. Graphical data are presented as the mean + SEM of three independent trials with at least 30 oocytes
pertrial. Statistical differences were calculated according to one-way ANOVA with Bonferroni post hoc testin comparison to the Control group (P < 0.001).

Scale bar, 25 pm.
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Phenotypically, >50% of Zipé and Zip/0 morpholino-injected PI-
arrested oocytes spontaneously resumed meiosis as measured by the
percent of cells that had undergone germinal vesicle breakdown
(GVBD) 14—16 h post-injection (Fig. 4C). In comparison, only 6% of
control oocytes resumed meiosis. To determine whether meiotic re-
sumption induced by knockdown of Zip6 or Zip | 0 resulted from activa-
tion of the MOS-MAPK pathway, we cultured injected oocytes in
medium containing the MEKI /2-specific inhibitor, U0126 (Favata
et al., 1998). Indeed, UO126 rescued the ability of morpholino-injected
oocytes to maintain meiotic arrest as demonstrated by rates of GVBD
similar to control oocytes (Fig. 4C). These findings suggest that disrup-
tion of either Zip6 or Zip | 0 alters an essential zinc-dependent pathway
in a manner that is analogous to treatment of the Pl oocyte with the
zinc chelator TPEN (Tian and Diaz, 201 |; Kong et al., 2012).

Disruption of Zip6 or Zip10 induces a
telophase I-like arrest during meiotic
maturation

To determine if perturbation of ZIP6 and ZIPI0 function could also
impact zinc influx later on during meiotic maturation, we microinjected
oocytes with Zip6 or Zip | 0 morpholinos and then allowed the cells to
mature in vitro (Fig. 4D). Zinc insufficiency induced by TPEN during
meiotic maturation prevents oocytes from reaching MIl and instead
causes arrest at a telophase |-like state with two separated chromatin
masses (Kim et al., 2010; Bernhardt et al., 2012). Thus, to characterize
the progression of meiosis in oocytes injected with Zip6 and Zip | 0 mor-
pholinos, we examined their cytoskeletal morphology using immuno-
cytochemistry. We found that 43 and 35% of the oocytes injected with
Zip6 or Zip | 0 morpholinos, respectively, exhibited telophase I-like spin-
dles compared with only 1% of control oocytes (Fig. 4F and G).

To further test whether these zinc transporters are required for
proper meiotic progression, we disrupted ZIP6 and ZIP10 by maturing
oocytes in the presence of specific antibodies designed to inhibit func-
tional zinc transport. The ZIP6 and ZIP |0 antibodies displayed a non-
uniform cortical staining pattern in non-permeabilized oocytes, suggest-
ing that these antibodies could likely block transporter function from the
extracellular milieu (Supplementary data, Fig. S2Aii and Bii). Consistent
with what was observed with morpholino injections, oocyte maturation
in the presence of antibodies against either ZIP6 or ZIP10 resulted in a
telophase |-like chromatin configuration in ~60 and 90% of the
oocytes, respectively (Fig. 5). In some oocytes, the chromatin masses
were separated by a tubulin-enriched midbody, while in others, the
midbody did not persist (Fig. 5Aii—iv). This phenotype was even more
prominent when oocytes were matured in the presence of ZIP6 and
ZIP|0antibodies together. In this case, 99% of the cells had decondensed
chromatin masses (Fig. 5B). In contrast to oocytes matured in the pres-
ence of ZIP6 and ZIP |0 antibodies, all of the control oocytes matured in
an equivalent concentration of rabbit IgG progressed properly to Mll,
suggesting that the observed phenotype was due to specific disruption
of ZIP6 and ZIP10 activity (Fig. 5B). Taken together, ZIP6- and ZIP10-
specific morpholino injection or antibody incubation disrupted zinc
homeostasis during meiotic maturation and phenocopied the state of
zinc insufficiency induced by zinc chelation (Kim et al., 2010; Bernhardt
et al., 2012). Based on these experiments, ZIP6 and ZIP|0 regulate
the zinc influx necessary for proper meiotic progression to Mil.

Zinc-rch compartments and ZIP6 and ZIP10
expression are conserved in human oocytes

Although it is well-documented that zinc plays an essential role in regu-
lating meiotic progression in the mouse oocyte, it is not known
whether zinc and the key transporters identified in this study are con-
served among mammalian species. To address this question, human Pl
oocytes were stained with two zinc-specific fluorophores that have
structurally and spectroscopically different properties: ZincBY-|
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Figure 5 Neutralization of ZIPé and ZIP |10 function by antibody incu-
bation during meiosis causes telophase |-like arrest. (A) Oocytes were
cultured in in vitro maturation (IVM) medium with ZIP6é and/or ZIP10
antibody for 14 h. Base IVM medium and IVM medium with rabbit IgG
antibody served as controls. At the end of culture, all samples were
fixed and labeled for a-tubulin (green), F-actin (red) and chromatin
(blue) to interrogate spindle morphology. Representative confocal
images of control Ml spindles (i) and telophase I-like spindles (two chro-
matin masses with midbody, ii; two chromatin masses without midbody,
iii; two chromatin masses with cytokinesis failure, iv) are shown as
Z-stack projections. Scale bars =25 um. (B) The percentage of
oocytes arresting in a telophase I-like phenotype was calculated. Data
are presented as the mean + SEM of three independent trials with at
least 30 oocytes per trial. Statistical differences were calculated accord-
ing to one-way ANOVA with Bonferroni post hoc test in comparison to
controls (P < 0.001).
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(50 nM) and FluoZin-3-AM (10 wM) (Gee et al., 2002). This staining
revealed punctate zinc localization enriched in the cortex of the human
oocyte (Fig. 6A), similar to what has been previously described in the
mouse oocyte (Kim et al., 201 1). Moreover, both zinc transporters
ZIP6 and ZIP10 are also present in the human oocyte and their cortical

>

ZincBY-1 FluoZin-3 AM

Optical section Transmitted light

Projection

Figure 6 Labile zinc, ZIP6 and ZIP10 are conserved in the human
oocyte. (A) Labile zinc was visualized in human oocytes using two zinc-
specific fluorophores: ZincBY-I (left) and FluoZin-3 AM (right). For
each oocyte, a transmitted light image, an optical section and a projec-
tion are shown. (B) ZIP6 and ZIP 10 were visualized using specific anti-
bodies. A single optical section of each oocyte is shown. A total of |3
human oocytes from 6 individuals were used to perform these experi-
ments as described in Table Il. Representative images are shown.
Labile zinc = green, DNA = blue, and zinc transporters = grayscale.
Scale bars, 50 mm.

localization is conserved (Fig. 6B). ZIP | 0 appears to stain more uniformly
throughout the cortex compared with ZIP6, which has a more punctate
distribution. Taken together, these results illustrate that mechanisms for
the regulation of zinc homeostasis in the egg are likely conserved and may
contribute to the progression of human oocyte meiosis in a manner
similar to that characterized in mouse oocytes.

Discussion

In this study, we demonstrate that the mammalian oocyte does not
exploit the standard mechanisms of zinc homeostatic regulation
present in transcriptionally active cells. We instead demonstrate that
large fluxes in intracellular zinc, which are required for the oocyte-to-egg
transition, are controlled by newly described maternally derived zinc
transporters. Specifically, we identified Zip6 and Zip 10 as two of the
most abundantly expressed transporters in the oocyte during the
window of meiotic maturation. Disruption of these transporters by mor-
pholino injection and incubation in function-blocking antibodies per-
turbed intracellular zinc and recapitulated all the phenotypes observed
during zinc insufficiency induced by TPEN chelation. These results dem-
onstrate the necessity of ZIP6 and ZIPI0 in mediating the zinc-
dependent events of meiosis.

Further, our studies suggest that these mechanisms are likely con-
served in the human oocyte, as the distribution of ZIP6 and ZIP10 mir-
rored what was detected in mouse oocytes. This is consistent with
another study demonstrating that the mRNAs encoding these transpor-
ters are highly expressedin the human oocyte (Ménézo et al., 201 I). This
result, in conjunction with the identification of zinc vesicular compart-
ments in the human oocyte, suggests the conservation of a cytoplasmic
control pathway that relies on transition metals. The study of oocyte
physiology from the perspective of zinc not only expands our under-
standing of human gamete biology, but may also provide a novel
marker for cytoplasmic maturation.

The discovery of dramatic zinc fluxes in total zinc content throughout
oocyte development demonstrates the importance of zinc physiology in
driving meiotic progression. However, the mechanism by which the
oocyte acquires and regulates this zinc content was unknown until our
studies were conducted. Transcriptionally active cells have been
shown to respond quickly and effectively to zinc homeostasis perturba-
tions by altering gene expression through the zinc sensing metalloregula-
tory protein MTF-1 (Radtke et al., 1993; Heuchel et al., 1994). When
bound to zinc, MTF-1 associates with MRE elements in a variety of
promoters, including those for MT1-4 and ZIP10 (Heuchel et dl.,
1994; Langmade et al., 2000; Andrews, 2001; Lichten et al., 201 I).
MTF-1 binding to MREs leads to transactivation at metallothionein pro-
moters. However MTF-| binding to the MREs in the ZIPI0 promoter
leads to transcriptional repression (Lichten et al., 201 ). Ultimately,
these changes in gene expression promote zinc scavenging by metal-
lothioneins and reduce transporter-mediated zinc uptake.

During meiosis, the oocyte exceeds baseline zinc levels and accrues an
additional 50% beyond the resting cell (mitotic cell) threshold in order to
complete meiotic maturation (Kim et al. 2010). Although such dramatic
fluxes in zinc ion concentration induce apoptosis in other cell types (Koh
etal., 1996; Choiand Koh, 1998; Witjenetal., 2002), the oocyte appears
to not only tolerate such a wide range of intracellular zinc levels, but
requires these rapid changes for meiotic progression. Hence, the utility
of metal flux as a developmental signal may require active repression
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of the standard homeostatic mechanisms that regulate zinc transport.
Indeed, a unique feature of mammalian oocytes is that transcription
ceases prior to oocyte maturation and does not resume until after fertil-
ization (Bachvarova, 1985). This transcriptional quiescence makes the
fully grown oocyte uniquely poised to acquire the large zinc bolus. We
show here that although MTF-1’s transcriptionally-based mechanisms
of zinc regulation are functional and active in growing oocytes, they are
suppressed in the fully grown oocyte. These results are consistent with
previous findings that MT genes were neither metal responsive nor con-
stitutively expressed at high levels in mouse oocytes (Andrews et dl.,
1991).

We also demonstrate in the fully grown oocyte that zinc transporters
function as key players in the mechanism of zinc accrual in the oocyte. In
an initial screen of zinc transporter expression in the oocyte, we found
that Zip6 and Zip/0 were two of the most abundant transporters.
Both of these transcripts had a maternal pattern of gene expression.
These findings suggest that Zip6 and Zip | 0 may have specific functions
in oogenesis, oocyte maturation, fertilization and/or the very early
stages of preimplantation development. Interestingly, others have
shown that Zipé and Zip/0 expression is significantly higher in the
oocyte relative to the cumulus cells in both mouse and human
samples, again supporting the notion that these transporters are specif-
ically involved in zinc accumulation in the oocyte (Ménézo et al., 201 I;
Lisle et al., 2013). At the protein level, ZIP6 and ZIP10 localized to the
cortex throughout maturation and early embryo development. Consist-
ent with these findings are reports that describe the localization of these
two transporters to the plasma membrane in other tissue types (Taylor
and Nicholson, 2003; Pawan et al., 2007; Ryu et al., 2008; Croxford et dl.,
201 1; Lichten etal., 201 I). These independent studies showing localiza-
tion to the plasma membrane corroborate our findings and support
the idea that ZIP6 and ZIPI0 directly mediate the acquisition of the
large bolus of zinc from the extracellular environment during meiotic
maturation.

Intriguingly, ZIP6 and ZIP10 are cortical in the oocyte, egg and early
embryo, and they are excluded in regions of cell—cell apposition starting
at the 2-cell embryo stage. Several maternal effect genes that comprise
the subcortical maternal complex (SCMC) including FLOPED (gene
name Ooep), MATER (gene name Nirp5) and TLE6 display similar expres-
sion and localization (Li et al., 2010). Transcripts of these genes accumu-
late during oogenesis and become virtually undetectable in the early
embryo, while the proteins persist on the apical cortex of outer cells
through the blastocyst stage and are excluded from regions of cell—cell
contact (Tong et al., 2000; Li et al., 2008). Maternal effect genes supply
the crucial store of proteins that maintain the livelihood of the embryo
during early development in the hiatus between maternal and zygotic
transcription. The interaction of the proteins comprising the SCMCisim-
portant for early embryonic development, as ablation of any of the afore-
mentioned maternal effect genes disrupts the formation of the SCMC
and consequently causes developmental arrest at the 2-cell stage.
Indeed, a recent study identified MATER as an important regulator of
calcium transients at the time of fertilization likely via its lattice-mediated
role in proper positioning of the endoplasmic reticulum, the source of
calcium stores (Kim et al., 2014). Thus, the similarity in expression
pattern between these known regulators of early development and the
zinc transporters strongly corroborates our conclusion that zinc acquisi-
tion machinery has significant regulatory roles during this early develop-
mental period. Moreover, the finding that zinc and calcium homeostatic

mechanisms have similar spatial distributions within the cell is particularly
intriguing given the close temporal association between intracellular
calcium transients and extracellular zinc sparks that occur during egg ac-
tivation (Kim et al., 201 1).

Several papers in the last 3 years have described roles for zinc regula-
tion in the maintenance of prophase | arrest, the progression to meta-
phase Il arrest and the exit from MIl during egg activation (Kim et al.,
2010; Suzuki et al., 2010b; Tian and Diaz, 201 |; Bernhardt et al., 2012;
Kong et al., 2012). In all of these reports, pharmacological modulation
of intracellular and extracellular zinc content by the heavy metal chelator
TPEN has been utilized as a model of acute zinc insufficiency. In this
manuscript, we establish the physiological mechanism for the regulation
of zinc uptake within the oocyte by assaying for the function of the zinc
transporters ZIP6 and ZIP10. We demonstrate that disruption of
these transporters by morpholino injection or function-blocking anti-
bodies results in striking similarities to phenotypes induced by
TPEN-induced zinc insufficiency, including spontaneous resumption of
meiosis from the Pl arrest and premature arrest at a telophase I-like
state. Further, the partially penetrate phenotype resultant from each
morpholino and antibody individually supports the notion that a signifi-
cant amount of redundancy exists within the zinc transporters them-
selves, a reflection of the evolutionary importance of zinc homeostasis
within biology. These results suggest that proper regulation of the two
meiotic arrest points require extraordinary transport of zinc into the
cell. Thus, we present a model in which these zinc transporters facilitate
the influx of zinc necessary for the oocyte to reach its key developmental
milestone during meiotic maturation: the transition to a mature and
fertilization-competent egg. Together this body of work presents a
paradigm-shifting role for tightly controlled temporal fluctuations in
zinc utilization during meiotic maturation.

Supplementary data

Supplementary data are available at http://molehr.oxfordjournals.org/.
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