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Abstract:
C. elegans is a powerful model for studies of zinc biology. Here we review recent discoveries and
emphasize the advantages of this model organism. Methods for manipulating and measuring zinc
levels have been developed in or adapted to the worm. The C. elegans genome encodes highly
conserved zinc transporters, and their expression and function are beginning to be characterized.
Homeostatic mechanisms have evolved to respond to high and low zinc conditions. The pathway for
high zinc homeostasis has been recently elucidated based on the discovery of the master regulator of

of

high zinc homeostasis, HIZR-1. A parallel pathway for low zinc homeostasis is beginning to emerge

ro

based on the discovery of the Low Zinc Activation promoter element. Zinc has been established to

-p

play a role in two cell fate determination events, and accumulating evidence suggests zinc may

re

function as a second messenger signaling molecule during vulval cell development and sperm
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activation. This article is part of a Special Issue entitled: Cell Biology of Metals.
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1. C. elegans as a model system to study zinc biology.
Beginning with his landmark publication in 1974 titled “The Genetics of Caenorhabditis elegans”,
Sydney Brenner established „the worm‟ as a biomedical model organism [1]. Brenner chose C.
elegans because it has intrinsic properties that are useful for experimental work: a small number of
cells, simple anatomy, and transparency facilitate phenotypic and microscopic analyses; small size,
rapid generation time, and a hermaphrodite/male sexual system facilitate genetic analysis; and a
compact genome facilitates molecular analysis. Many followed Brenner‟s lead, and since 1974

of

thousands of researchers have contributed to tens of thousands of articles using C. elegans to study

ro

fundamental biological processes.

-p

1.1. Anatomy: Like humans, C. elegans is a multicellular animal, but it is anatomically

re

streamlined. Remarkably, the pattern of cell divisions during development is highly reproducible

lP

between different individuals, making it possible to map each cell division. The adult C. elegans
hermaphrodite contains 959 somatic cell nuclei, and the full lineage diagram has been established [2-

na

4] The simple anatomy of the animal can be described as a tube within a tube; the exterior tube
consists of epithelial cells covered by a hard cuticle made of material reminiscent of a fingernail, and

ur

the interior tube consists of endothelial cells that compose the digestive tract, including the pharynx

Jo

and intestine (Figure 1). Adult C. elegans has 20 intestinal cells comprising 30-34 intestinal nuclei,
and these cells compose roughly one third of the total somatic mass [5]. The first control of zinc
homeostasis occurs in intestinal cells, and one focus of this review is studies of zinc homeostasis in
these cells.
In the space between the epithelial cells and intestine, these worms contain muscles, neurons
and the gonad (Figure 1). Hermaphrodites contain two gonad arms that are joined at the vulva near
the middle of the worm on the ventral surface; the vulva is a specialized epithelial structure for egg
laying and male mating. The hermaphrodite gonad initially produces sperm, which are stored in the
spermatheca, and then switches to produce oocytes. In a self-fertile hermaphrodite, oocytes are
4
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fertilized as they pass through the spermatheca, producing about 300 progeny in their adult life. This
remarkable quality makes C. elegans an exceptionally powerful animal for genetic analysis. One
focus of this review is the emerging roles of zinc in the function of the gonad.
1.2. Genome and Genetics: C. elegans was the first multicellular animal to have a completely
sequenced genome [6]. This landmark accomplishment facilitated a wide range of genetic discoveries
in worms and set the stage for the human genome project. The C. elegans genome is composed of 6
chromosomes: 5 autosomes and a sex chromosome, which yields XX hermaphrodites and XO

of

hemizygous males. The genome contains about 20,000 genes, and many C. elegans genes have

ro

predicted orthology with human genes [7]. Due to the short generation time, simple culture

-p

techniques, and the power of hermaphrodite genetics, C. elegans has become a workhorse for

re

genetic studies. Genetic discoveries are accelerated by the collegial community of C. elegans

lP

researchers who routinely share strains and reagents and the Caenorhabditis Genetics Center, based
at the University of Minnesota, which stores and distributes tens of thousands of strains annually to

na

researchers worldwide. The vast array of existing genetic reagents, coupled with many methods
developed to create new genetic reagents, such as CRISPR-Cas 9 genome editing, makes it possible

ur

to use C. elegans to rapidly address a wide range of experimental questions.

Jo

1.3. Methods for studying zinc biology – manipulating dietary zinc and measuring zinc
levels and distribution: Zinc is a redox inactive di-cation in physiological conditions, and this
chemical characteristic allows zinc to perform a wide range of essential biological functions. As such,
the homeostasis of zinc is important for the basic biological functions of all organisms, including
microbes, plants and animals such as C. elegans. C. elegans is a hardy soil nematode that thrives in
the laboratory. Because C. elegans is surrounded by a cuticle, the predominant entry point for
nutrients and chemicals is via the mouth, which is the entry point for bacterial food, followed by
absorption by intestinal cells. The most common culture conditions are solid agar in a Petri dish with a
lawn of bacteria as a food source. C. elegans can also be cultured in liquid medium using bacteria as
5
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a food source. These simple culture conditions are convenient and make it possible to manipulate
environmental and dietary factors, but they also have limitations. The standard medium contains
peptone and agar, which are both undefined sources of a variety of trace elements that are known to
be essential for worms and humans, including iron, copper, manganese, and zinc. To address the
uncertainties of an undefined mixture of nutrients, C. elegans Maintenance Media (CeMM), a fullydefined liquid medium that permits bacteria-free experiments has been developed. Because each
essential metal must be added to CeMM, it is possible to prepare modified versions of this medium

of

that have lower or higher concentrations of specific metals, including the complete absence of one or

ro

more metals [8, 9]. However, CeMM has limitations: it is expensive, prone to bacterial contamination,

-p

and although it permits indefinite culture, worms are thin and slow growing in this medium, suggesting

re

it is less nutritious than bacteria.

lP

The community of zinc biologists has developed an array of methods for studying zinc, and
here we describe how some of these methods have been adapted or applied to C. elegans. The

na

study of zinc biology in C. elegans requires the ability to manipulate dietary zinc, both by increasing
and decreasing the concentration in the diet. In initial experiments designed to increase dietary zinc,

ur

supplemental zinc was added to Nematode Growth Medium, the standard solid agar medium [10].

Jo

However, the results were inconsistent because zinc tends to precipitate in this medium. To minimize
precipitation, Noble Agar Minimal Media (NAMM) was developed [11]. NAMM lacks phosphate
buffers, which tend to precipitate with zinc in solution. NAMM supplemented with zinc yields
consistent results with increasing concentrations of zinc (Figure 2B). However, NAMM requires a
bacterial food source, which is an undefined source of zinc. CeMM can be used to provide a defined
amount of zinc in the medium, and Davis et al., (2009) manipulated the concentration of zinc in
CeMM to demonstrate that zinc toxicity occurs at high concentrations [12] (Figure 2A). Two
approaches have been used to decrease the level of dietary zinc. Davis et al., (2009) manipulated the
concentration of zinc in CeMM to reduce dietary zinc, revealing that zinc is an essential nutrient in C.
6

Journal Pre-proof
elegans [12] (Figure 2A). A more convenient but less well defined approach is to use the zinc chelator
N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), which can cross cellular membranes
and is considered an intracellular zinc chelator [13-16]. This chelator can be added to NGM or NAMM
medium, and it causes dose dependent zinc deficiency. For example, Figure 2C shows the effects of
TPEN on oocyte cell divisions. Reducing the amount of zinc in the diet using defined medium is the
gold standard approach for generating zinc deficiency. By contrast, chelators compete with
endogenous molecules for binding to zinc that is inside the animal, and chelators are likely to have

of

different concentrations in different cells and subcellular compartments, complicating the

ro

interpretation of chelators as a means to achieve zinc deficiency.

-p

A second critical technique for studies of zinc biology is the ability to measure the level and

re

distribution of zinc. Several methods have been employed in C. elegans. The level of zinc can be

lP

quantified using inductively coupled plasma mass spectrometry (ICP-MS), a sensitive method that
can measure the level of many different elements. This method requires a large sample size

na

(thousands of worms), and it provides no spatial information (Figure 2D) [12, 17]. In addition, the level
of zinc can be quantified using radioactive zinc, which also requires many worms and provides no

ur

spatial information. There are five stable isotopes of zinc, and many synthetic radioactive isotopes.

Jo

The only experimentally useful radioactive isotope is Zinc-65, which has a half-life of 244 days. Zn-65
radioactivity can be measured in samples of Zn-65 treated worms, and the specific activity of the Zn65 can be used to calculate the amount of zinc in the sample [12]. For both ICP-MS and radioactive
Zn-65, the amount of zinc must be normalized to the amount of sample, which adds another
measurement variable to the experiment. For the data shown in Figure 2D, the ICP-MS data is
normalized to dry weight (parts per million), whereas the measurement with radioactive Zn-65 is
normalized to the protein concentration of the sample (ng zinc per µg protein).
To determine the spatial distribution of zinc, the most useful tools are dyes that emit
fluorescence when bound to zinc. The development of these dyes is reviewed in this special issue
7
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and previously [18] (Amy Palmer and Chris Chang reviews in this issue). Two fluorescent dyes have
been used successfully in C. elegans: FluoZin-3 and Zinpyr-1. FluoZin-3 stains lysosome-related
organelles in intestinal cells, which are also called gut granules [14] (Figure 2E). Zinpyr-1 stains the
pseudocoelom and developing sperm cells [19-21]. Fluorescent dyes are easy to use and permit live
imaging in transparent worms. However, they have significant limitations: they compete for binding
with endogenous molecules, and thus only reveal “labile” zinc. The baseline distribution of the dye is
not known, so a negative result can be interpreted as an absence of labile zinc or an absence of the

of

dye. Finally, the sophisticated method of X-ray fluorescence allows both quantification and spatial

ro

resolution [22, 23] (Figure 2F). However, this technique requires specialized equipment that is only

re

-p

available at National laboratories and thus is not practical for routine analysis.

lP

2. C. elegans contains conserved members of the ZnT/CDF/SLC30A and ZIP/SLC39 families of

na

zinc transporters.

As a positively charged ion, zinc cannot diffuse across membranes. Thus, transporters play an

ur

essential role in zinc trafficking. In animals, zinc transporters belong to two main families: the

Jo

ZnT/CDF/SLC30A family of zinc exporters, and the ZIP/SLC39 family of zinc importers [24] (and Eide,
this issue). These families are highly conserved, and members have been identified in bacteria,
yeast, fruit flies, zebrafish, plants, nematodes, mouse and humans. Members of these families have
been documented to transport zinc, iron, and manganese, so experimental evidence is required to
determine the specificity of any given family member. Members of the ZIP/SLC39 family generally
possess eight transmembrane domains with a cytoplasmic region between transmembrane domains
III and IV [25].These transporters increase the concentration of metal ions in the cytoplasm by
importing it from the extracellular space or mobilizing it from inside organelles. The C. elegans
genome encodes 14 ZIP transporters: ZIPT-1, ZIPT-2.1, ZIPT-2.2, ZIPT-2.3, ZIPT-2.4, ZIPT-3, ZIPT8

Journal Pre-proof
7.1, ZIPT-7.2, ZIPT-9, ZIPT-11, ZIPT-13, ZIPT-15, ZIPT-16, and ZIPT-17 (Figure 3B). The
ZnT/CDF/SLC30A family of transporters generally possess six transmembrane domains with
cytoplasm facing N- and C- termini [26, 27]. These transporters decrease the concentration of metal
ions in the cytoplasm by exporting it into the extracellular space or sequestering it in organelles. The
C. elegans genome also encodes 14 CDF transporters: CDF-1, CDF-2, TTM-1, SUR-7, F19C6.5,
SLC-30A9, F41C6.7, ZK185.5, K07G5.5, PDB1.1, R02F11.3, TOC-1, SLC-30A5, and F56C9.3
(Figure 3A). Many predicted ZIP and CDF transporters in C. elegans have not yet been studied, and

ro

of

here we describe only those family members that have been reported to be involved in zinc biology.

-p

2.1. CDF-1: cdf-1 is the first zinc transporter characterized in C. elegans. A loss-of-function mutation

re

was identified in a forward genetic screen for suppressors of the multivulval (Muv) phenotype caused

lP

by constitutively active let-60 ras signaling, and the gene was identified by positional cloning [10, 28].
The CDF-1 protein has about 30% sequence identity with mouse ZnT-1 and yeast COT1. Mammalian

na

ZnT-1 localizes to the plasma membrane and is a zinc exporter [26], and rat ZnT-1 expressed in C.
elegans can rescue the cdf-1(lf) mutant phenotype, demonstrating evolutionary conservation of

ur

function. Genetic analysis indicated that cdf-1 is necessary for proper cell fate specification of the

Jo

vulval precursor cells, and cdf-1 acts as a positive regulator of the Ras signaling pathway. The CDF-1
protein expression pattern was characterized using transgenic animals that express CDF-1::GFP
fusion protein under the control of the endogenous cdf-1 promoter. CDF-1 is expressed in multiple
cell types, including vulval cells and intestinal cells. In intestinal cells, CDF-1 is localized to the
basolateral surface, suggesting it transports zinc from the cytoplasm of intestinal cells into the body
cavity, called the pseudocoelom in worms [20].
To directly test the role of CDF-1 in zinc biology, Bruinsma et al., (2002) cultured cdf-1(lf)
mutant animals in supplemental zinc [10]. cdf-1(lf) mutants displayed hypersensitivity to high zinc
toxicity, including reductions of individual growth rate and population growth rate. The mutants
9

Journal Pre-proof
displayed increased levels of zinc compared to wild type, indicating cdf-1 is necessary to limit zinc
accumulation in the animal [12, 20]. Furthermore, cdf-1(lf) mutants displayed reduced zinc in the body
cavity [20]. Thus, CDF-1 functions to transport zinc from the cytoplasm of intestinal cells into the body
cavity to supply interior tissues with zinc. CDF-1 also appears to function in vulval precursor cells to
control the concentration of zinc, as described below.

2.2. SUR-7: Yoder et al., (2004) identified a loss-of-function mutation in sur-7 (Suppressor of Ras) in

of

a forward genetic screen for suppressors of the Muv phenotype caused by constitutively active let-60

ro

ras signaling, and the gene was identified by positional cloning [29]. This genetic screen was similar

-p

to the genetic screen used to identify cdf-1. The predicted SUR-7 protein has six predicted

re

transmembrane domains, similar to other CDF proteins. Unlike other CDF proteins, it does not

lP

contain a histidine loop between predicted transmembrane domains IV and V. Instead SUR-7
possesses a cluster of five histidine residues between predicted transmembrane domains III and IV.

na

SUR-7 is not closely related to any human CDF protein. A sur-7 partial loss-of-function mutation
causes hypersensitivity to high zinc toxicity [12, 20, 29]. SUR-7 protein is localized to intracellular

ur

membranes, but the specific organelle has not been identified by colocalization with a known marker.

vulval development.

Jo

Thus, sur-7 is necessary for high zinc resistance and it functions to promote Ras signaling during

2.3. CDF-2: The discoveries of cdf-1 and sur-7 in forward genetic screens initiated the analysis of the
CDF family in worms and led to the appreciation that there are 12 additional CDF encoding genes in
the C. elegans genome (Figure 3A). Two of these genes, CDF-2 and TTM-1, are similar to a cluster
of human proteins–ZnT2, ZnT3, ZnT4 and ZnT8–that are localized to vesicular membranes in
vertebrates. Based on this clustering, Davis et al., (2009) initiated a reverse genetic study of cdf-2
[12]. The predicted CDF-2 protein contains six predicted transmembrane-spanning domains and two
10
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histidine motifs (HX)3 in the loop between the fourth and fifth transmembrane segments and is most
similar to ZnT2. To understand how CDF-2 is regulated by zinc, Davis et al., (2009) measured cdf-2
mRNA abundance in wild-type animals by RT-PCR [12]. cdf-2 mRNA abundance was increased by
culturing animals in high dietary zinc, indicating that cdf-2 transcription is induced by high zinc [20].
The expression pattern of CDF-2 protein was analyzed using a CDF-2::GFP fusion protein in
transgenic animals. CDF-2 is expressed only in intestinal cells, and it localized to membrane-bound
vesicles in larvae and adults [12]. These abundant vesicles are called gut granules, and they are a

of

type of lysosome-related organelles since they stain with the marker LysoTracker [14] (Figure 5A).

ro

This led to the model that CDF-2 transports zinc from the cytoplasm into the lumen of lysosome-

-p

related organelles (Figure 4C).

re

The function of cdf-2 was investigated using a deletion mutation that causes a strong loss of

lP

function. cdf-2(lf) mutant animals are hypersensitive to high zinc toxicity, indicating CDF-2 promotes
resistance to high zinc. cdf-2(lf) animals displayed reduced total zinc in the body, indicating CDF-2

na

promotes zinc storage [12, 14, 20]. The zinc dye FluoZin-3 stains lysosome-related organelles in
intestinal cells, indicating this is a site of zinc storage (Figure 2E). cdf-2(lf) mutant animals displayed

ur

reduced FluoZin-3 staining, consistent with the model that CDF-2 transports zinc into these

Jo

organelles. Overexpression of CDF-2 increased FluoZin-3 staining, indicating CDF-2 is sufficient to
promote zinc storage [14]. Thus, CDF-2 is specifically localized to the membrane of lysosome-related
organelles, and it functions to sequester zinc in these organelles.

2.4. TTM-1: Like CDF-2, the predicted TTM-1 protein is most similar to human ZnT2, ZnT3, ZnT4,
and ZnT8 (Figure 3A) [20]. The ttm-1 gene contains two transcription initiation sites and encodes two
transcripts: ttm-1a initiates at the upstream site, whereas ttm-1b initiates at the downstream site. Both
TTM-1A and TTM-1B proteins possess the conserved six transmembrane motifs and a conserved
zinc-binding histidine-rich motif (HX)n in the loop between transmembrane domains IV and V, like
11
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ZnT2 and CDF-2. However, TTM1-A and TTM1-B have different N-terminal amino acid sequences;
TTM-1B contains an additional histidine-rich motif, raising the possibility that the N-terminus binds
zinc. To understand how TTM-1 is regulated by zinc, Roh et al., (2013) measured ttm-1 mRNA
abundance in wild type animals by RT-PCR [20]. ttm-1b mRNA abundance was increased by
culturing animals in high dietary zinc, indicating that ttm-1b transcription is induced by high zinc,
whereas ttm-1a was not regulated by dietary zinc [20]. The expression patterns of TTM-1A and TTM1B proteins were analyzed using GFP fusion proteins in transgenic animals. TTM-1A::GFP was

of

expressed in the intestine and hypodermis, whereas TTM-1B::GFP was expressed in the intestine,

ro

head neurons, seam cells, hypodermis and vulva [20]. Thus, both proteins are expressed in the

-p

intestine, but each was differentially expressed in other tissues. TTM-1B::GFP in the intestine is

re

specifically localized to the apical side of the cell, facing the intestinal lumen. TTM-1B expression in

lP

the intestine increases in animals exposed to supplemental zinc and is barely detectible in control
conditions. These results led to the model that TTM-1B transports zinc from the cytoplasm into the

na

lumen of the intestine (Figure 4C). TTM-1A is localized to vesicles in intestinal cells that are distinct
from lysosome-related organelles and have not been well characterized.

ur

The function of ttm-1 was investigated using a deletion mutation that affects both transcripts

Jo

and causes a strong loss of function. ttm-1(lf) mutant animals are hypersensitive to high zinc toxicity
in sensitized genetic backgrounds lacking cdf-2 or genes involved in lysosome biogenesis such as
pgp-2 and glo-1, indicating TTM-1 promotes resistance to high zinc in a manner that is redundant with
these genes. ttm-1(lf) animals displayed increased total zinc in the body, indicating ttm-1 promotes
zinc excretion. The zinc dye Zinpyr-1 stains zinc in the body cavity. ttm-1(lf) mutant animals displayed
increased Zinpyr-1 staining, consistent with the model that TTM-1 transports zinc into the lumen of
the intestine for excretion, and in the absence of ttm-1 excess zinc accumulates in the body cavity.

12
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2.5. ZIPT-2.3: Dietrich et al., (2017) identified zipt-2.3 as a gene that is transcriptionally activated by
zinc deficiency and showed that the zipt-2.3 promoter has an Low Zinc Activation (LZA) enhancer
(see section 4) that mediates this regulation [13]. The zipt-2.3 promoter fused to GFP displays
expression in intestinal cells in transgenic animals, indicating this is the tissue where zipt-2.3 is
expressed [13]. Chapman et al., (2019) used a translational fusion of ZIPT-2.3::GFP to show
expression in intestinal cells with subcellular localization in puncta [30]. A genetic analysis using RNAi
and a deletion mutation showed that zipt-2.3(lf) causes resistance to ionizing radiation-induced

of

apoptosis in the germ line. Treatment with supplemental zinc inhibited ionizing radiation-induced

ro

apoptosis in the germ line, whereas treatment with the chelator TPEN enhanced this process.

-p

Chapman et al., (2019) conclude that zinc levels influence ionizing radiation-induced apoptosis in the

re

germ line, and zipt-2.3 acts cell non-autonomously in intestinal cells to control apoptosis in the germ

lP

line [30].

na

2.6. ZIPT-7.1: The predicted ZIPT-7.1 and ZIPT-7.2 proteins are highly related to human ZIP-7
(Figure 3B). Dietrich et al., (2017) identified zipt-7.1 as a transcript that is induced by zinc deficiency,

ur

suggesting it plays a role in zinc biology [13]. Zhao et al., (2018) conducted a reverse genetic study of

Jo

zipt-7.1, which indicated this gene is involved in zinc biology during the process of sperm activation
[21]. A strong loss-of-function mutation in zipt-7.1 causes fertility defects including small brood size,
sterility and a large number of unfertilized oocytes. These phenotypes suggest that zipt-7.1(lf) mutant
hermaphrodites generate normal oocytes and dysfunctional sperm. Male sperm also require zipt-7.1
function, since zipt-7.1(lf) males are partially sterile. Spermatids (inactive sperm) display a round
morphology and are immotile until they are activated. They then extend a pseudopod which allows
them to crawl towards the oocytes. Wild type spermatids extend pseudopods in response to
activating signals, but zipt-7.1(lf) mutant spermatids are defective in pseudopod extensions [21].

13
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The localization of ZIPT-7.1 was determined by analyzing zipt-7.1 RNA levels in mutants that
lack a germline and ZIPT-7.1::GFP fusion protein localization in transgenic animals. ZIPT-7.1 is
expressed in the germ line and appears to localize to intracellular membranes. When expressed in
mammalian cells, ZIPT-7.1 promoted the uptake of zinc into the cells, demonstrating that ZIPT-7.1 is
a zinc transporter [21].

2.7. ZIPT-16 and ZIPT-17: Kumar et al., (2016) reported that zinc levels influence lifespan, with high

of

dietary zinc shortening lifespan and zinc deficiency caused by the chelator TPEN lengthening lifespan

ro

[31]. These effects were observed in a variety of mutant backgrounds to varying degrees. To

-p

understand how lifespan might be affected by zinc levels, Novakovic et al., (2020) analyzed zipt

re

genes and showed that zipt-16(lf) and zipt-17(lf) mutants displayed shorter lifespans compared to wild

lP

type [32]. However, it remains to be established if these transporters function by transporting zinc or
another metal ion.

na

3. High Zinc Homeostasis

Because excess zinc is toxic, animals have evolved homeostatic mechanisms to respond to high

ur

zinc. C elegans has been an important model system for understanding this process. High zinc

Jo

homeostasis is mediated by the intestine, which appears to control the level of zinc in other tissues by
regulating excretion from the basolateral surface of intestinal cells into the body cavity of the animal.

3.1. The nuclear receptor HIZR-1 is the high zinc sensor: Intestinal cells import zinc by a
mechanism that has yet to be defined. While the ZIP family of importers seems like good candidates
for the intestinal zinc importer, this has not been experimentally determined. In response to a high
zinc diet, zinc levels increase in intestinal cells, and the HIZR-1 nuclear receptor becomes activated.
The hizr-1 gene was discovered by Warnhoff et al., (2017) in a forward genetic screen for animals
that do not correctly regulate the cdf-2 promoter in response to high dietary zinc [33]. To conduct this
14

Journal Pre-proof
screen, the cdf-2 promoter was fused to GFP in transgenic animals; in standard medium these
animals do not display significant GFP fluorescence. By contrast, in zinc excess conditions the cdf-2
promoter is activated, and these animals display strong GFP fluorescence, providing a visual readout
of high zinc activated transcription. Warnhoff et al., (2017) identified five loss-of-function mutations
that abrogated cdf-2 activation and one gain-of-function mutation that constitutively activated cdf-2
expression in zinc replete conditions. Positional cloning revealed that all six mutations affected the
same gene, which was named High Zinc activated nuclear Receptor (hizr-1) [33]. The loss-of-function

of

mutations resulted in truncated proteins or changed highly conserved residues in the DNA-binding

ro

domain. The gain-of-function mutation causes a single amino acid substitution in the ligand-binding

-p

domain. hizr-1(lf) mutants are defective in the transcriptional activation of multiple endogenous genes

re

that are activated by high dietary zinc. Furthermore, hizr-1(lf) mutations cause hypersensitivity to the

lP

toxic effects of high zinc (Figure 2B). Thus, hizr-1 is necessary for the transcriptional response to high
zinc and plays a critical role in high zinc resistance.

na

Nuclear receptors have two conserved domains: a ligand-binding domain and a zinc-finger
DNA-binding domain. Nuclear receptors were first described for their role in endocrine signaling,

ur

where the ligand-binding domain directly interacts with large hydrophobic hormones such as

Jo

estrogens and androgens [34, 35]. More recently, fatty acid molecules have been shown to function
as ligands for nuclear receptors. Upon ligand binding, nuclear receptors typically translocate to the
nucleus, interact with specific sequences through the DNA-binding domain, and activate transcription
of target genes. Warnhoff et al., (2017) hypothesized that zinc directly bound the ligand-binding
domain of HIZR-1 to activate the receptor [33]. Indeed, the ligand-binding domain of HIZR-1 was
partially purified and demonstrated to bind radioactive Zn-65 with high affinity and specificity.
Furthermore, Warnhoff et al., (2017) [33] showed that high dietary zinc causes a HIZR-1::GFP fusion
protein to accumulate in intestinal nuclei. The analysis of HIZR-1 identified a nuclear receptor as a
new class of zinc sensor and zinc as a new class of ligand for nuclear receptors.
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3.2. HIZR-1 binds the HZA enhancer to mediate transcriptional activation in high zinc: To
investigate the mechanism of high zinc activated transcription, Roh et al., (2015) analyzed the
promoters of several regulated genes searching for a common sequence element. This led to the
identification of the High Zinc Activation (HZA) element [36]. The HZA motif spans 14 base pairs and
contains five highly conserved positions (Figure 4A). The promoter regions of two CDF family zinc
transporters (cdf-2 and ttm-1b) and the two metallothionein genes (mtl-1 and mtl-2) all contained this
conserved promoter element. Mutational studies showed the HZA was necessary for transcriptional

of

activation by high zinc. Furthermore, a short sequence containing the HZA was sufficient to confer

ro

activation by high zinc on a basal promoter. A second sequence element called GATA was also found
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in these promoters adjacent to the HZA; the GATA element promotes tissue specific expression in

re

intestinal cells by interacting with ELT proteins such as ELT-2 [36-38]. Mutational studies showed the

lP

GATA element was also necessary for high zinc activated transcription. The HZA element and the
GATA element function like enhancers, since they can work at a range of distances from the

na

transcription start site and in either orientation. Shomer et al., (2019) recently extended this work by
showing the HZA and GATA elements are necessary for high zinc regulation of the cdr-1 promoter

ur

[37]. Warnhoff et al., (2017) tested the hypothesis that HIZR-1 directly binds the HZA enhancer.

Jo

Indeed, the partially purified DNA-binding domain of HIZR-1 interacted with high specificity with the
HZA DNA element in an electrophoretic mobility shift assay [33]. Warnhoff et al., (2017) concluded
that in response to high zinc HIZR-1 translocates to the nucleus and directly binds the HZA enhancer.
Interestingly, the promoter of hizr-1 has an HZA enhancer, and the hizr-1 gene is transcriptionally
activated by high zinc. Thus, HIZR-1 engages in a positive feedback loop by activating its own
promoter, which leads to higher levels of HIZR-1 activity (Figure 4B,C).
The discovery of the HIZR-1/HZA interaction has led to a rapid advance in understanding the
transcriptional complex that assembles on the promoters of zinc activated genes. The mediator
complex contains multiple proteins that connect site-specific DNA binding transcription factors to RNA
16
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polymerase 2. Taubert et al., (2008) showed that mdt-15, a component of the mediator complex, is
necessary for a wide range of transcriptional activation in response to exogenous chemicals,
including cadmium [39]. Roh et al., (2015) showed that mdt-15 is necessary for a promoter with the
HZA enhancer to respond to high zinc and cadmium [36]. Most recently Shomer et al., (2019)
proposed a detailed molecular model of the transcriptional complex that integrates these different
elements (Figure 4D) [37]. Using a cdr-1p::gfp promoter fusion, mdt-15, cdk-8, hizr-1, and elt-2 were
shown to be necessary for cadmium- and zinc-induced transcription. Interestingly, MDT-15 and HIZR-

of

1 proteins were shown to bind in the Yeast-2-hybrid system, and the strength of the interaction was

ro

enhanced by zinc or cadmium. Overall, the current model is that in response to high levels of zinc, the
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ligand-binding domain of HIZR-1 binds zinc, resulting in translocation to the nucleus. The DNA-

re

binding domain of HIZR-1 binds the HZA enhancer, and ELT-2 binds the adjacent GATA element.

lP

HIZR-1 interacts directly with MDT-15, which recruits the mediator complex and RNA polymerase to

na

the promoter to increase the rate of transcriptional initiation (Figure 4D).

3.3. The HIZR-1 target genes cdf-2 and ttm-1 promote homeostasis by storing zinc in

ur

lysosome-related organelles and excreting zinc into the intestinal lumen: Two HIZR-1 target

Jo

genes have been demonstrated to play important functional roles in high zinc detoxification: cdf-2 and
ttm-1 [12, 14, 20]. The promoters of both genes contain HZA enhancers, and transcription is
increased in response to high zinc [36]. The CDF-2 transporter is localized specifically to lysosomerelated organelles in intestinal cells, which are also called gut granules, and CDF-2 functions to
transport zinc into these organelles. These organelles are the major site of zinc storage in C. elegans,
and they stain with the zinc dye FluoZin-3. Mutations in cdf-2 or glo genes that are essential for the
biogenesis of lysosomes both cause hypersensitivity to high zinc. Thus, these organelles sequester
and thereby detoxify excess zinc. Lysosome-related organelles undergo morphological changes in
response to increasing concentrations of zinc. In zinc replete conditions, they appear to be spherical,
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and CDF-2 and LysoTracker colocalize (Figure 5A). In zinc excess conditions, they appear to have
two compartments and are referred to as bilobed. CDF-2 is localized on both compartments, whereas
LysoTracker only stains one of the lobes (Figure 5B). The function of this morphological change has
yet to be determined and is an important goal of future work.
The CDF family transporter TTM-1B localizes specifically to the apical surface of intestinal
cells, so it is positioned to excrete zinc into the lumen of the intestine. Genetic studies document that
ttm-1 function promotes resistance to high zinc toxicity, but this phenotype is only observed in

of

sensitized background such as the cdf-2;ttm-1 double mutant [20]. CDF-2 and TTM-1 function in a

ro

parallel negative feedback circuit (Figure 4B). Both genes are transcriptionally activated by high levels

-p

of cytoplasmic zinc, and both proteins function to reduce the level of cytoplasmic zinc, either through

re

sequestration in lysosome-related organelles or excretion into the lumen of the intestine.

lP

Metallothioneins in nematodes have been reviewed previously [40]. The C. elegans genome
encodes two metallothionein genes: mtl-1 and mtl-2 [41-43]. Both genes are strongly induced by high

na

levels of dietary zinc, and both promoters contain an HZA enhancer [36]. The biochemical activity of
MTL-1 and MTL-2 as metal-binding proteins is well established [44, 45]. However, the function of

ur

these proteins in vivo remains obscure. Genetic analysis of mtl-1 and mtl-2 single mutants, as well as

Jo

an mtl-1;mtl-2 double mutant, indicates that these strains are similar to wild type; in some
experiments they display slight hypersensitivity to high zinc or cadmium toxicity, and in some
experiments they are indistinguishable from wild type [46-48]. Recently, a gene family that encodes
cysteine-rich proteins was discovered at a single locus of chromosome IV; four of these genes are
expressed in the alimentary tract in response to zinc, and there is evidence that these proteins
directly bind zinc and potentially other metals [49].
4. Low zinc homeostasis
Because zinc is an essential nutrient, it is critical for organisms to acquire adequate zinc for
cellular and organismal function. Thus, mechanisms have evolved to mediate low zinc homeostasis.
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However, compared to high zinc homeostasis, much less is known about low zinc homeostasis in
animals, probably because experimentally it is easier to add supplemental zinc than it is to create zinc
deficiency. To begin to investigate the response to zinc deficiency in worms, Dietrich et al., (2017)
analyzed the 14 predicted C. elegans zipt genes for transcriptional activation in response to zinc
deficiency, reasoning that genes activated by zinc deficient conditions might play a role in low zinc
homeostasis [13]. zipt-7.1, zipt-2.1 and zipt-2.3 each displayed significantly higher levels of
transcripts in response to zinc deficiency caused by TPEN treatment. To understand the mechanism

of

of regulation, Dietrich et al., (2017) searched for a common sequence element in the promoters of

ro

these three genes, resulting in the identification of the low zinc activation (LZA) element [13]. The LZA
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motif spans 19 base pairs and contains nine highly conserved positions (Figure 6A). Mutational
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analysis showed that the LZA enhancer is both necessary in the zipt-2.3 promoter and sufficient in a

lP

basal promoter to mediate transcriptional activation during zinc deficiency (Figure 6B,C). Remarkably,
the zipt-2.3 promoter containing the LZA enhancer was activated by zinc deficiency in human cells,

na

suggesting that this mechanism of low zinc homeostasis might be conserved in mammals [13]. By
searching for LZA enhancers in the genome, Dietrich et al., (2017) identified four additional genes

ur

that are transcriptionally activated by zinc deficiency. The function of these genes during zinc

Jo

deficiency has yet to be determined. Although no genes have been rigorously demonstrated to
mediate low zinc homeostasis, Roh et al., (2012) showed that lysosome-related organelles release
stored zinc during zinc deficient conditions, which is a mechanism of low zinc homeostasis [14].
A critical question is what transcription factor binds the LZA enhancer, and does this transcription
factor function as the low zinc sensor? Although this remains an open question, Dietrich et al., (2017)
demonstrated that the transcriptional activation of the zipt-2.3 promoter in zinc deficient conditions
requires the mediator gene mdt-15 and the elt-2 gene. Thus, the LZA and the HZA may both recruit
the mediator complex and both utilize the ELT-2/GATA element to achieve intestinal cell specificity.
Overall, it appears there are parallel systems for high and low zinc homeostasis. High zinc is sensed
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by HIZR-1, which acts through the HZA enhancer. Low zinc is sensed by an unknown factor, that acts
directly or indirectly through the LZA to activate transcription (Figure 6D).

5. Zinc signaling and cell fate determination in C. elegans
In addition to the well-established roles for zinc as a protein-binding cofactor, it has been
proposed that zinc can also function as a signaling molecule [50-52]. One of the possible signaling
mechanisms is zinc acting as an intracellular second messenger, similar to calcium [53]. These
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proposed mechanisms require dynamic changes in the concentration of zinc. In C. elegans, zinc

ro

transporters have been shown to be involved in at least two cell fate determination processes: vulval
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development [10] and sperm activation [21]. In both cases, manipulation of environmental zinc levels

re

also affects the phenotype [10, 19]. These results suggest that zinc could function as a second

lP

messenger or have a specific and dynamic role in regulating the activity of a signaling protein. The
alternative explanation for these types of results is that cell differentiation in these cases is sensitive

abnormal zinc environment.

na

to zinc levels in general, and these phenotypes represent a more general dysfunction caused by an

ur

5.1. The Ras signaling pathway during vulval development: The C. elegans vulva is a specialized

Jo

epithelial opening on the ventral side of the organism that connects the worm gonad to the exterior
(Figure 1). The vulva is required for both the transfer of the male sperm during copulation and laying
fertilized embryos into the environment. The development of the vulva has been extensively studied
as an example of organogenesis [54]. These studies have made significant contributions to the
understanding of the signaling pathways that control the precise formation of the organ. One of the
pathways involved in this process is the receptor tyrosine kinase/Ras/ERK MAP kinase signaling
pathway. In the ventral epidermis of larval worms, six ectodermal blast cells (P3.p, P4.p, P5.p, P6.p,
P7.p, and P8.p) are collectively known as the vulval precursor cells. In wild-type animals, the progeny
of three of the vulval precursor cells adopt either the 1° (P6.p) or the 2° (P5.p and P7.p) cell fate and
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become the vulval cells, while the others adopt the 3° non-vulval cell fate and fuse with the
hypodermal syncytium [55, 56]. The vulval cell fates depend on a LIN-3/ Epidermal growth factor
inductive signal from the anchor cell of the somatic gonad. LIN-3 activates the EGF receptor LET-23
in the P6.p cell, which then leads to the activation of a Ras-mediated signaling pathway. As a
consequence of Ras pathway activation, P6.p adopts the 1° cell fate and then signals to P5.p and
P7.p instructing them to adopt the 2° cell fate [54]. In mutant animals with a gain-of-function of let60/Ras that makes the protein constitutively active, other vulval precursor cells also adopt the vulval

of

cell fate, resulting in a multivulva (Muv) phenotype [57].
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The first two zinc transporters identified in C. elegans, CDF-1 and SUR-7, were discovered in
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forward genetic screens as suppressors of the gain-of-function let-60/Ras Muv phenotype [28, 29]. As

re

described in section 2, both CDF-1 and SUR-7 are CDF transporters that likely reduce the level of

lP

cytoplasmic zinc. Thus, the finding that loss-of-function mutations in these genes reduce Ras
signaling activity suggest that high cytoplasmic zinc levels function downstream of RAS to inhibit the

na

Ras signaling pathway. This conclusion is supported by the finding that supplementing zinc in the
growth medium also suppresses the let-60(gf) Muv phenotype, and that the suppression could be

ur

reversed by CDF-1 overexpression [10]. Further epistasis studies suggest that zinc inhibits the

Jo

signaling pathway downstream of LET-60 RAS but upstream of MPK-1 ERK [10, 29]. The mechanism
appears to be conserved during evolution, as mammalian ZnT1 can partially rescue the phenotype. In
addition, expressing either the mammalian ZnT1 or the C. elegans CDF-1 can stimulate Ras signaling
in Xenopus oocytes [10]. It is currently unknown precisely how zinc inhibits the Ras signaling
pathway. Yoder et al., (2004) [29] proposed that the mechanism is related to the phosphorylation of
KSR-1, while Jirakulaporn and Muslin [58] proposed that CDF-1 directly binds Raf-1 to regulate its
activity.
As described above, Chapman et al., (2019) showed that ZIPT-2.3 activity modulates germ
line apoptosis caused by ionizing radiation [30]. The germ cells utilize the same Ras/Raf/MEK/ERK
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signaling pathway as the vulval precursor cells. Chapman et al., (2019) proposed that zinc functions
downstream of LET-60 RAS but upstream of MPK-1 ERK in the germ line to inhibit apoptosis. As with
the studies of vulval development, the precise mechanism of zinc inhibition has not been established,
and the possibility that zinc plays a more general role in inhibiting cellular function has not been
rigorously excluded.
5.2. Sperm activation: In C. elegans, sperm acquire motility through a process known as sperm
activation (or spermiogenesis), in which the round spermatid is transformed into a spermatozoon that
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crawls with a pseudopod [59-61]. Both premature and delayed activation is detrimental to

ro

reproductive success, highlighting the importance of tightly controlling this differentiation process [62,

-p

63]. While many genes have been identified to be involved in the sperm activation process, the

re

extracellular signals that activate sperm are still not well defined. However, the transduction of the

lP

sperm activation signal must occur in the cytoplasm and cannot utilize changes in transcription,
because the sperm DNA is transcriptionally silenced in preparation for delivery to the egg [64].
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Various molecules have been shown to be able to activate sperm in vitro, one of which is zinc.
Liu et al., (2013) showed that extracellular zinc can activate dissected sperm in vitro; this effect is

ur

specific, since other divalent cations did not activate sperm [19]. The zinc-induced sperm activation

Jo

depends on the spe-8 pathway, since sperm with mutations in the spe-8 pathway failed to be
activated by zinc. The role of zinc in sperm activation is likely to be physiological, since Zhao et al.,
(2018) showed that the zinc transporter ZIPT-7.1 is involved in this process. zipt-7.1 mutant animals
have a sterile phenotype that results from a sperm activation defect. In vitro activation experiments
showed that zipt-7.1 mutant sperm are defective in responding to extracellular zinc [21]. Zhao et al.,
(2018) proposed that zinc is used as an intracellular second messenger during sperm activation, and
extracellular zinc activates sperm by mimicking the intracellular zinc release [21]. The model
proposes that in spermatids (non-activated sperm), zinc is stored in intracellular vesicles. This stored
zinc is then released by the ZIPT-7.1 transporter upon receiving the sperm-activating signal. The
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intracellular zinc release increases the cytoplasmic zinc concentration and presumably binds to zincregulated proteins, leading to downstream activation processes that include the extension of the
pseudopod and the fusion of the intracellular vesicles with the membrane (Figure 7) [21]. Because
sperm biology requires a rapid response to an extracellular signal, and the signal cannot depend on a
transcriptional response, it seems like an ideal setting to employ zinc as a second messenger in the
cytoplasm. Furthermore, since zinc has the positive effect of activating sperm, rather than the
negative effect of inhibiting a process, it seems less likely that these experimental results reflect a

of

general dysfunction caused by an abnormal zinc environment. However, to firmly establish zinc

ro

signaling as a mechanism of sperm activation, it is important to visualize the dynamic change in zinc
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concentration and identify the target proteins that are affected by the released zinc. Another important

re

goal is to identity the mechanism whereby the sperm activation signal triggers the activation of ZIPT-

lP

7.1, perhaps by a posttranslational modification that affects the activity of this zinc transporter.
6. Outlook
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6.1. The CDF and ZIP families of transporters: The C. elegans genome encodes 14 CDF and 14
ZIP family transporters, and here we review evidence that four CDF transporters and two ZIP

ur

transporters play roles in zinc biology. Very little is known about the function of the other family
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members, and an important goal of future research is to determine the expression pattern, function,
and metal selectivity of these 22 transporter proteins. The studies in C. elegans, similar to studies in
mammals, have begun to provide a framework for understanding the specific roles of different
members of these transporter families. One key aspect is tissue-specific expression. For example,
ZIPT-2.3 is expressed in the intestine, whereas ZIPT-7.1 is expressed in the germ line. While all cells
require zinc, different tissues may have specific needs that are met by expression of specific
transporters. A second key aspect of specificity is subcellular localization. For example, in intestinal
cells CDF-1 is localized to the basolateral membrane, TTM-1B is localized to the apical membrane,
and CDF-2 is localized to the membrane of lysosome-related organelles. Presumably, each of these
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transporter proteins contains an epitope that targets it to the appropriate membrane compartment.
However, the mechanism of specific subcellular localization has not been determined and is a
promising area for future research. A third key aspect of specificity is metal selectivity, since some
members of the CDF and ZIP family have been documented to transport iron and manganese [6567]. In C. elegans, selectivity for zinc has been established using cell-based transport assays (ZIPT7.1) and mutant phenotypes such as specific hypersensitivity to zinc toxicity (CDF-1, CDF-2). An
important goal of future studies is to determine the metal selectivity of the remaining transporters.
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There are many examples of human diseases arising from mutations in ZIP and CDF transporters.
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For example, ZIP4 is associated with acrodermatitis enteropathica [68, 69], ZIP5 is associated with
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autosomal dominant myopia [70], ZIP8 is associated with congenital disorder of glycosylation type IIn
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[65, 66], ZIP13 is associated with Ehlers-Danlos syndrome spondylodysplastic type 3 [71, 72], ZIP 14

lP

is associated with hyperostosis cranialis interna [73] and hypermanganesemia with dystonia type 2
[74, 75], ZnT2 is associated with transient neonatal zinc deficiency due to low zinc content in breast

na

milk[76, 77], and ZnT10 is associated with hypermanganesemia with dystonia type 1[78]. Given that
there are C. elegans proteins similar to each of these human proteins, C. elegans is a promising

ur

system to establish a fundamental understanding of these proteins that may be relevant to humans

Jo

and suggest new strategies for treating human disease.
6.2. The high zinc sensor and high zinc homeostasis: Homeostasis can be conceptualized as
having two phases – sensing and response. In mammals and insects, the MTF1 transcription factor
plays a critical role in the transcriptional response to high zinc; it has also been proposed to function
as a sensor by binding zinc at one or more of its six zinc finger DNA binding domains [79] . Notably,
MTF1 is also important for other stress responses including heat stress, oxidative stress, and
hormonal stress. The analysis of HIZR-1 in C. elegans identified a nuclear receptor as a new class of
high zinc sensor, and the phenotypic analysis in worms indicates it is specific for high zinc and does
not respond to a wide range of stresses. The prototypical ligands for nuclear receptors are steroid
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hormones; more recently, some lipid molecules have been proposed as ligands for nuclear receptors
[35]. The discovery that zinc is a ligand for the HIZR-1 nuclear receptor establishes transition metals
as a new class of nuclear receptor ligands. Of the approximately 50 nuclear receptors in the human
genome, about half have no defined ligand, and these nuclear receptors are called „orphan
receptors‟. An exciting possibility is that one or more of these orphan nuclear receptors may use zinc
as a ligand. Another fascinating implication of the HIZR-1 discovery is that nuclear receptors may
function as sensors for other transition metals, such as copper.
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In C. elegans, a key aspect of the response to high zinc is zinc storage in lysosome-related
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organelles in intestinal cells; in high zinc conditions, about half of the total content of zinc is stored in
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these organelles [14]. Lysosome-related organelles are a morphologically diverse group of acidic,
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LAMP-containing membrane compartments [80, 81], and emerging evidence indicates these

lP

organelles store metals in a wide range or organisms [82]. In C. elegans, these organelles are
restructured in high zinc to adopt a bilobed morphology, an interesting case of environmental

na

conditions affecting lysosomal structure. These discoveries raise important questions for future
research. What is the mechanism of forming bilobed granules in response to high zinc, and is this

ur

response coordinated by HIZR-1? How do bilobed granules function to promote high zinc storage?
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What is the metal selectivity of these organelles? Recent studies suggest copper is stored in
lysosome-related organelles in C. elegans [83], and it will be important to determine if zinc and
copper are stored in the same or separate organelles.
6.3. The low zinc sensor and low zinc homeostasis: Compared to high zinc homeostasis, very
little is known about low zinc homeostasis in animals. The first important insight from C. elegans is
that the LZA enhancer activates transcription in response to zinc deficiency, indicating that there is an
active homeostasis mechanism. A key objective of future research will be to identify the LZA binding
factor and establish its relationship to the low zinc sensor. This may be relevant to mammals, since
the LZA enhancer was sufficient to function in mammalian cells. A fascinating issue is the logic of the
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low zinc sensor – is it a zinc-binding protein that activates a response when it loses zinc binding – the
conceptual opposite of HIZR-1, or is there a very different mechanism for an organism to sense that
zinc levels are low. The second insight in worms is that zinc is released from the lysosome-related
organelle storage sites in response to zinc deficiency, thus making more zinc available in the
cytoplasm. An important question for future studies is determining the mechanism of zinc release
from these storage depots.
6.4. Zinc as a second messenger signaling molecule: While zinc has a well-established role as a
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protein binding cofactor, recent studies have suggested that zinc may act as a second messenger
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signaling molecule. A key issue is what evidence is required to prove that zinc is functioning as a
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signaling molecule? Three lines of evidence are important: (1) Visualizing a rapid change in zinc

re

concentration in a specific cellular or extracellular compartment. (2) Characterizing the regulatory

lP

mechanism that causes the rapid change in concentration. (3) Defining the targets that respond to the
increase in zinc with a change in activity. Thus far, no system has met this rigorous level of evidence.
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Here we describe studies in C .elegans vulval development and sperm activation that suggest zinc
signaling may play a role in cell fate determination. The main evidence comes from loss-of-function

ur

genetic experiments. In cdf-1(lf) and sur-7(lf) mutants, the vulval precursor cell fates are abnormal. In

Jo

zipt-7.1(lf) mutants, the sperm activation phenotype is abnormal. One interpretation of these
observations is that zinc functions as a signaling molecule, and the transporters are necessary for a
dynamic change in zinc concentration that influences cell fate decisions. An alternative explanation is
that mutations in zinc transporters disrupt the baseline level of zinc, which is broadly necessary for
cell fate determination. To distinguish these possibilities, future experiments will need to address the
key questions: visualizing a dynamic change in zinc concentration, determining the mechanism of this
change, and establishing the consequence at a molecular level. Sperm is the most promising system,
because sperm cells use a signaling system that does not involve the nucleus and must act rapidly,
which would be well suited to zinc signaling. Sperm are also experimentally tractable, since they can
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be dissected from animals and activated in vitro. However, their small size makes microscopic
visualization challenging. A key technology that will facilitate these studies is better zinc sensors.
While many zinc sensors have been developed for use in vitro and in cultured cells (see Amy Palmer
and Chris Chang Reviews in this issue), only a handful have been used effectively in C. elegans.
Current reliance on chemical sensors such as FluoZin-3 and Zinpyr-1 has clear limitations, and the
development of sensors that can be targeted to specific subcellular compartments and detect
dynamic changes in zinc will be a critical advance in understanding whether and how zinc functions
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as a second messenger.
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Figure 1: The body plan of C. elegans.
(A) Brightfield images of an adult C. elegans hermaphrodite and a recently laid egg. Scale bar = 0.1
millimeters. (B) Diagram highlighting major anatomical features relevant to zinc biology. The digestive
tract begins at the mouth where food enters the pharynx (white). Bacterial food is ground in the
pharynx and then enters the intestinal lumen (central line). Nutrients are absorbed from the lumen
into intestinal cells (blue), and molecules can be excreted from intestinal cells into the lumen.
Defecation occurs at the rectum. The germ line is composed of two gonad arms (purple). From the

of

distal tips of the gonad arms, germ cells travel toward the vulva. During the fourth larval stage of

ro

development, hermaphrodite germ cells differentiate into spermatocytes. These spermatocytes are

-p

stored in the spermathecae in each gonad arm. Following the fourth larval stage, hermaphrodite germ

re

cells differentiate into oocytes. As each oocyte passes through the spermatheca, the oocyte is

lP

fertilized by a spermatocyte and becomes a fertilized embryo. Embryos enter the uterus (fuchsia),
where embryos develop a hardened shell and cell divisions progress rapidly. Developing embryos are

na

laid into the environment, at which point they are termed eggs. Within 3 days of hatching, eggs

ur

develop into reproductively mature adults.

Jo

Figure 2: Methods to manipulate dietary zinc and quantify and visualize zinc in C. elegans.
(A) Wild-type worms were cultured in CeMM with different concentrations of added zinc, and
maturation was scored by visual inspection. Zinc is necessary for maturation, and high levels of zinc
cause toxicity. Adapted from Davis et al., (2009) [12]. (B) Wild type and hizr-1 loss-of-function mutant
worms were synchronized as embryos, cultured with the indicated concentrations of supplemental
zinc on NAMM for 3 days, and the length of individuals was measured. High levels of zinc inhibit
growth, and this is a sensitive method for identifying phenotypic differences in mutants. Adapted from
Warnhoff et al., (2017) [33] (C) Embryos were dissected from untreated worms into medium
containing 0 (control) or 10 μM TPEN; images are frames from time lapse movies of worms
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expressing GFP::tubulin and GFP::histone to visualize spindle dynamics. TPEN produces zinc
deficient conditions and causes significant delays and abnormalities in cell division. Red arrowheads
indicate pronuclei of prophase. Scale bar = 10 μm. Adapted from Mendoza et al., (2017) [15]. (D) Zinc
content of mixed-stage wild-type animals. Worms were cultured in CeMM with a range of added zinc,
shown on a logarithmic scale. The zinc content was determined by ICP-MS (ppm, closed green
circles), or radiolabeled Zn-65 (average ng zinc/µg protein, open green circles). Animals cultured in
CeMM with increasing concentrations of zinc display an increase in zinc content. Adapted from Davis

of

et al., (2009) [12]. (E) Fluorescence images of live wild-type hermaphrodites cultured with FluoZin-3

ro

and the indicated levels of supplemental zinc and TPEN. Panels display the anterior half of the

-p

intestine of a single animal with pharynx to the left and tail to the right. Scale bar = 50 µm. The

re

FluoZin-3 signal increases with zinc supplementation and decreases with addition of TPEN. Adapted

lP

from Roh et al., (2012) [14]. (F) Wild-type animals cultured for 48 hours on NGM with 0 or 500 µM
supplemental zinc and assayed for zinc accumulation with spatial resolution by X-ray fluorescence

na

imaging (XFI) at the Stanford Synchrotron Radiation Laboratory. The false color scale indicates the

Jo

(2016) [23].

ur

levels of zinc at different positions in the animal. Scale bar = 100 µm. Adapted from Essig et al.,

Figure 3: C. elegans CDF and ZIP transporters display orthology with zinc transporters from
other species including Homo sapiens.
Phylogenetic trees of CDF (A) and ZIP (B) family members identified by PSI-BLAST from C. elegans
(red), Homo sapiens (blue), Arabidopsis thaliana (green), and Saccharomyces cerevisiae (yellow). All
ten human ZnT proteins in panel A and all 14 human ZIP proteins in panel B cluster with highly
related C. elegans proteins. Transporters discussed in this review are indicated by arrows. Adapted
from Roh et al., 2013 [20] (A) and Dietrich et al., (2017) [13] (B).
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Figure 4: High zinc homeostasis in C. elegans.
(A) A position weight matrix of the High Zinc Activation (HZA) promoter element based on 29
sequences. The height of the nucleotides at each position represents the frequency scaled in bits.
Adapted from Roh et al., (2015) [36]. (B) A Genetic model of high zinc homeostasis in the C. elegans
intestine. High levels of zinc promote HIZR-1 activity and transcriptional activation of multiple genes
including cdf-2, ttm-1b and hizr-1. Increased levels of cdf-2 and ttm-1b mRNA promote increased
levels of CDF-2 and TTM-1B protein, which reduce levels of cytoplasmic zinc in a parallel negative

of

feedback circuit. Increased levels of hizr-1 mRNA promote increased levels of HIZR-1 protein,

ro

creating a positive feedback circuit that enhances the negative feedback system. Adapted from

-p

Warnhoff et al., (2017) [33]. (C) A molecular model. Dietary zinc (Z) enters intestinal cells, binds the

re

ligand-binding domain of HIZR-1, and promotes nuclear accumulation, HZA enhancer binding, and

lP

transcriptional activation. The nuclear accumulation of HIZR-1 could result from increased HIZR-1
protein levels due to autoregulation and/ or translocation of HIZR-1 from the cytoplasm to the

na

nucleus. Increased levels of CDF-2 and TTM-1B promote zinc detoxification by sequestration in
lysosome-related organelles [14] and excretion into the intestinal lumen [20], respectively. Increased

ur

levels of HIZR-1 promote homeostasis by a positive feedback circuit. Adapted from Warnhoff et al.,

Jo

(2017) [33]. (D) A model of the transcriptional activation complex assembled on the cdr-1 promoter in
response to high zinc or cadmium. In intestinal cells, MDT-15 cooperates with HIZR-1 bound to the
HZA element to induce the metal-sequestering metallothioneins (mtl-1 and -2) and the transporter
cdf-2. ELT-2 binds GATA promoter elements to promote intestinal expression of genes and may also
contact Mediator to regulate cadmium or zinc responsive transcription. Adapted from Shomer et al.,
(2019) [37].

Figure 5: High Zinc Induces the Formation of Asymmetric Bilobed Gut Granules
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(A) Fluorescence images of live transgenic animals expressing CDF-2::GFP cultured with
LysoTracker and the indicated levels of supplemental zinc. The differential interference contrast (DIC)
images show the intestinal lumen (white triangle) and adjacent intestinal cells with pharynx to the left
and tail to the right. Boxed regions are magnified in the right panels. With 200 µM supplemental zinc,
many gut granules appear to be bilobed and asymmetric; one side is positive for CDF-2::GFP and
LysoTracker (arrowhead), whereas the other side is positive for CDF-2::GFP and negative for
LysoTracker (arrow). Scale bars: 10 µm and 2 µm (boxed regions). Adapted from Roh et al., (2012)

of

[14]. (B) A genetic pathway for the formation of bilobed gut granules. The activity of granule

ro

biogenesis genes pgp-2 and glo-3 are necessary for the formation of bilobed granules. The zinc

-p

transporter cdf-2 is necessary for loading zinc into granules (indicated by dark green). Adapted from

lP

re

Roh et al., (2012) [14].

Figure 6: Low zinc homeostasis in C. elegans

na

(A) A position weight matrix of the LZA element based on 12 sequences. The height of each
nucleotide represents the frequency scaled in bits. Adapted from Dietrich et al., (2017) [13]. (B,C)

ur

Diagram of the zipt-2.3 promoter containing LZA1 (blue) and LZA2 (red) fused to GFP (green).

Jo

Images show transgenic animals expressing this construct at the young adult stage cultured on the
indicated concentration of TPEN. Bright field images (insets) show worm morphology, and fluorescent
images show GFP fluorescence. GFP signals were captured with identical settings and exposure
times. zipt-2.3 transcription is activated in response to zinc deficient conditions. Scale bars = 100 µm
in brightfield (insets) and fluorescence images. Adapted from Dietrich et al., (2017) [13]. (D) Diagram
of an intestinal cell flanked by the intestinal lumen (above) and the pseudocoelom (below). Two
dietary zinc-conditions are illustrated: deficiency (left) and excess (right). In the presence of low
dietary zinc (black circles), an undefined sensing mechanism causes activation of LZA element
containing promoters. ZIP proteins (blue) might localize to the plasma membrane or lysosome related
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organelles (LRO, green), but the subcellular localization has not been established. In the presence of
high dietary zinc, the HIZR-1 nuclear receptor causes activation of HZA element containing
promoters. CDF-2 protein (red) localizes to the LRO where it functions to store zinc, and the TTM-1B
protein (red) localizes to the apical plasma membrane where it functions to excrete zinc into the
intestinal lumen. Adapted from Dietrich et al., (2017) [13]

Figure 7: ZIPT-7.1 mediates sperm activation

of

Model of the biochemical function of ZIPT-7.1 at three times during sperm activation: (1) Primed

ro

spermatid: prior to activation, spermatids are primed to respond; ZIPT-7.1 (dark blue) is inactive and

-p

localized to the membrane of a vesicle that has a high internal concentration of stored zinc (orange

re

circles) that is presumably the membranous organelle (light blue). The cytoplasm has a low

lP

concentration of zinc, and the equilibrium of zinc-regulated proteins (purple) is shifted towards
unbound. (2) Release: a sperm-activating signal results in activation of ZIPT-7.1 (orange arrow), zinc

na

begins to flow into the cytoplasm, and zinc-regulated proteins begin binding zinc. (3) Activated
spermatozoon: the cytoplasmic concentration of zinc is now high, and zinc-regulated proteins are

ur

bound to zinc. The pseudopod extension begins (lower), and the membranous organelles fuse with

Jo

the plasma membrane. Adapted from Zhao et al., (2018) [21].
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Highlights
 C. elegans is a powerful model for studies of zinc biology.
 Conserved zinc transporters localize to subcellular compartments and tissues.
 HIZR-1 is the master regulator of high zinc homeostasis.
 The LZA promoter element regulates gene expression under zinc deficiency.
 Zinc may function as a second messenger signaling molecule in sperm activation.
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