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Abstract Translation of the basolateral zinc trans-

porter ZIP5 is repressed during zinc deficiency but

Zip5 mRNA remains associated with polysomes and

can be rapidly translated when zinc is repleted. Herein,

we examined the mechanisms regulating translation

of Zip5. The 30-untranslated region (UTR) of Zip5

mRNA is well conserved among mammals and is

predicted by mFOLD to form a very stable stem-loop

structure. Three algorithms predict this structure to be

flanked by repeated seed sites for miR-328 and miR-

193a. RNAse footprinting supports the notion that a

stable stem-loop structure exists in this 30-UTR and

electrophoretic mobility shift assays detect polysomal

protein(s) binding specifically to the stem-loop struc-

ture in the Zip5 30-UTR. miR-328 and miR-193a are

expressed in tissues known to regulate Zip5 mRNA

translation in response to zinc availability and both

are polysome-associated consistent with Zip5 mRNA

localization. Transient transfection assays using native

and mutant Zip5 30-UTRs cloned 30 to luciferase

cDNA revealed that the miRNA seed sites and the

stem-loop function together to augment translation of

Zip5 mRNA when zinc is replete.

Keywords miRNA � mRNA � RNA stem-loop �
Translation � Zinc � Zinc transporter

Introduction

Zinc homeostasis in mammals involves controlled

uptake, sequestration and efflux of this essential metal.

We have hypothesized that the zinc transporter

Slc39a5 (Zip5) plays a role in the efflux of zinc

because it localizes to the basolateral membranes of

enterocytes, pancreatic acinar cells and embryonic

visceral endoderm cells when zinc levels are adequate

(Dufner-Beattie et al. 2004). When dietary zinc is

adequate in the adult, enterocytes and pancreatic

acinar cells play a key role in zinc efflux while

enterocytic zinc uptake is reduced. In mice, during

pregnancy, the visceral yolk sac is also important for

zinc homeostasis of the developing conceptus.

Zinc efflux is attenuated and ZIP5 is internalized and
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degraded in each of these cell-types during zinc

deficiency (Weaver et al. 2007). Interestingly, we

found in wild-type animals that zinc availability does

not affect Zip5 mRNA abundance or its association

with polysomes, and ZIP5 protein is rapidly translated

following zinc repletion in vivo and in vitro (Weaver

et al. 2007). Cocktails of proteasomal or lysosomal

inhibitors in visceral yolk sac explant cultures did not

appear to enhance the accumulation of ZIP5 during

zinc deficiency suggesting that futile degradation of

ZIP5 is not a primary mechanism controlling ZIP5

abundance under these conditions (Weaver et al.

2007). Our previous results imply that a zinc-respon-

sive translational stall mechanism may control the

abundance of ZIP5 during zinc deficiency and allow

for its rapid resynthesis when zinc is repleted.

Several mechanisms regulating translational

activity have been described (Afonyushkin et al.

2005; Allard et al. 2005; Altuvia et al. 1998; Arrick

et al. 1991; Ashizuka et al. 2002; Brengues et al. 2005;

Ceman et al. 2000; Gray et al. 1996; Hess and Duncan

1996; Laggerbauer et al. 2001; Muralidharan et al.

2007; Parker and Sheth 2007), many of which function

at the level of translation initiation (Kapp and Lorsch

2004; Kong et al. 2008). Iron-responsive mRNAs

possess iron-regulatory elements (IREs) in their 50 or

30-untranslated regions (UTRs). IREs are stem-loop

structures bound by either iron-regulatory protein 1 or

2 (IRPs1 or 2) during iron deficiency, when iron is lost

from the Fe–S cluster (Leibold et al. 1990; Walden

et al. 2006). IRPs either block translation by binding to

the 50-UTR, such as with ferritin heavy chain and light

chain mRNAs (Leibold et al. 1990; Leibold and Guo

1992; Leibold and Munro 1988; Munro et al. 1988) or

stabilize mRNAs by binding to the 30-UTR, such as

with transferrin receptor mRNA (Mullner et al. 1989).

In this way, diminished iron storage and enhanced iron

acquisition, respectively, are coordinated during iron

deficiency. Such a mechanism has not been described

for regulation of gene expression by other essential

metals.

MicroRNA (miRNA)-mediated translational regu-

lation has recently emerged as a widely distributed

control mechanism (Reviewed by Dignam et al. 1983).

miRNAs are thought to imperfectly base-pair to the

target mRNA 30-UTR resulting in altered protein

synthesis by as yet poorly understood mechanisms.

miRNA ribonucleoprotein (miRNP) complexes can

inhibit translation initiation, cause translational stall

(Valencia-Sanchez et al. 2006; Wang et al. 2006),

initiate target mRNA degradation (Friedman et al.

2009; Grimson et al. 2007), or even stimulate trans-

lation (Vasudevan et al. 2007, 2008). miRNAs are

predicted to control the activity of over 60% of protein

coding mRNAs (Dignam et al. 1983). To date, a role

for miRNAs in the homeostasis of essential metal ions

has not been described in mammals but a recent report

implicates miRNAs in the regulation of copper

homeostasis in Arabadposis (Yamasaki et al. 2007).

In this report, we set out to evaluate the mechanisms

of post-transcriptional regulation of ZIP5 in response

to zinc availability. We hypothesized that the 30-UTR

of Zip5 mRNA would play an important role in

this process. We discovered that this UTR is well

conserved among the mammals and contains a stem-

loop structure that is flanked by putative seed sites for

two miRNAs. We followed a rationale outlined in a

recent review to experimentally validate predicted

miRNA targets (Kuhn et al. 2008). This scheme

requires the simultaneous satisfaction of four criteria:

(1) Computational prediction of miRNA-mRNA seed

pairs, (2) DG analysis of the 30-UTR for the given

mRNA to verify that miRNAs target accessible

regions, (3) Co-expression of both miRNA and mRNA

in vivo, and (4) A functional assay to demonstrate

regulation. The data obtained herein support the

concept that two miRNAs as well as a stem-loop

structure in the 30-UTR of mammalian Zip5 mRNAs

function in the translational control of ZIP5 in

response to zinc.

Materials and methods

Animal care and use

Experiments involving mice were performed in

accordance with the guidelines from the National

Institutes of Health for the care and use of animals and

were approved by the Institutional Animal Care and

Use Committee. Mouse diets were purchased from

Dyets Inc. (Dyets.com) and were identical except for

zinc levels, which were as follows: the zinc-deficient

(ZnD) diet contained 1 ppm zinc plus deionized water

supplied in a zinc-free acid-washed bottle; the zinc-

adequate (ZnA) diet contained 30 ppm zinc with tap

water. The effects of zinc deficiency during pregnancy

were monitored as described in detail previously
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(Dufner-Beattie et al. 2003, 2004, 2007). The embry-

onic visceral yolk sacs (VYS) were harvested from

day 14 pregnant dams fed either a ZnA or ZnD diet

beginning on day 8 of pregnancy. Tissues were either

snap frozen in liquid nitrogen for later extraction of

total RNA or immediately processed to isolate soluble

and polysomal ribonucleoprotein (RNP) fractions.

RNA extraction

RNA was isolated using the Trizol method (Life

technologies). In brief, tissues or cells were snap

frozen in liquid nitrogen and pulverized using a pestle

and mortar pre-equilibrated in liquid nitrogen.

Frozen-powdered samples were homogenized in Trizol

(1 ml/100 mg tissue) using a Polytron, and pro-

cessed according to manufacturer’s instructions (Life

technologies).

Quantitative PCR

The NCodeTM VILOTM miRNA cDNA synthesis Kit

(Life technologies) was used to polyadenylate small

RNA and synthesize cDNA using total RNA input

(0.5 lg per sample) according to manufacturer’s

recommendations. The NCodeTM EXPRESS SYBR�

Green ERTM miRNA qRT-PCR Kit (Life technolo-

gies) was used in qPCR analysis (primers listed in

Supplemental Table 1) on a real-time Rotor-GeneTM

3000 system (Qiagen) to analyze miRNA expression

levels. The NCode miRNA qRT-PCR kit has the

ability to distinguish small RNAs with single nucle-

otide differences. SuperScript� III Reverse Trans-

criptase (Life technologies) was used to synthesize

cDNAs from total RNA (1 lg per sample) according

to manufacturer’s recommendations. Rotor-GeneTM

SYBR� Green RT-PCR kit (Qiagen) was used in a real

time Rotor-GeneTM 3000 system according to manu-

facturer’s recommendations (Qiagen) to analyze

mRNA expression levels (primers listed in Supple-

mental Table 1). The DDCt method was used to

interpret qPCR results. For all qPCR data, each bar in a

graph represents the mean with standard deviation

from three independent qPCR runs and each run has

triplicates. Two to three independent cDNA syntheses

were used for the separate runs. When necessary,

data were normalized to beta-actin or the renilla

co-transfected control. Student’s t test was used to

determine significance (P \ 0.05).

Computational prediction of miRNAs and RNA

secondary structures

The following algorithms are publicly available and

continuously updated. RNA secondary structure pre-

dictions were derived from the publicly accessible

mFOLD algorithm (http://mfold.bioinfo.rpi.edu/

zukerm/). Three experimentally validated algorithms

that predict miRNA-mRNA target pairs can be found

at the following URLs along with links to pilot and

other representative publications: miRanda (miRBase)

http://microrna.sanger.ac.uk/, TargetScan http://www.

targetscan.org/, and PicTar http://pictar.mdc-berlin.de/.

Generation of Zip5 30-UTR luciferase reporter

constructs

The firefly luciferase coding sequence and the Renilla

luciferase coding sequence were amplified by PCR

using oligonucleotides indicated in Supplemental

Table 2. The PCR products were subcloned into

pcDNA3.1 Hygro(?) vector (Promega) using the

engineered NheI site at the 50 end and BamHI site at

the 30 end. The CMV promoter was then replaced with

the HSV-TK promoter as follows: An approximately

0.9 kb BglII-NheI fragment encompassing the CMV

promoter was excised from the vector and replaced

with a 1 kb BglII-NheI fragment containing the HSV-

TK promoter from the pRL-TK vector (Promega).

The full-length wild-type Zip5 30-UTR and mutant

30-UTRs (see Fig. 6b) were generated by annealing

oligonucleotides with an engineered NotI site at the 50

end and an ApaI site at the 30 end. These UTRs were

subcloned downstream of the stop codon in firefly

luciferase. Renilla luciferase was subcloned into

pcDNA3.1 Hygro(?) with the same restriction sites

and promoter replacement indicated above. The

bovine growth hormone polyadenylation signal 190

bases downstream of the stop codon served as the 30-
UTR for renilla luciferase. The renilla luciferase

construct served as a normalization control in trans-

fection assays. All constructs were sequence verified.

Generation of miR-193a and miR-328 antagomiR

expression vectors

AntogomiR constructs were generated using the

BLOCK-iTTM Pol II miR RNAi expression vector kit

with EmGFP according to manufacturer’s instructions
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(Life technologies). The antagomiRs are cloned into an

intronic site in the expression vector. Expression of

EmGFP can only occur if the intron is correctly

processed, thereby ensuring expression of the siRNA

or antagomiRs. A control vector encoding EmGFP and

a siRNA targeting LacZ was supplied by the manufac-

turer. The oligonucleotides used to generate antagom-

iRs are given in Supplemental Table 2. For each

miRNA target, bases 2–22 of the given miRNA were

used to generate a complementary antagomiR. These

can then be processed out of a precursor stem-loop

using endogenous cellular small RNA processing

pathways. As indicated in Supplemental Table 2, the

nucleotides in bold uppercase are the sense sequences

of bases 1–8 and 11–21 of the underlined antagomiR

that aid in stem-loop formation. The antisense strand is

a reverse complement of the sense oligonucleotide

except for 50 overhangs. Other bases are suggested by

the manufacturer for cloning and a terminal loop for

antagomiR processing which also contains an MscI cut

site that can be used during sequence confirmation to

overcome strong secondary structure formation. All

constructs were sequence verified.

Cell culture

The rat extraembryonic endoderm XEN cell line was

previously described (Soares et al. 1987). Cells were

maintained at 37�C in a humidified 5% CO2 incubator

in Dulbecco’s modified Eagle medium (DMEM)

containing 10% heat-inactivated fetal bovine serum

(FBS), 100 units penicillin/ml, and 100 lg strepto-

mycin/ml. To generate ZnD conditions in culture,

heat-inactivated fetal bovine serum (FBS) was treated

with Chelex 100 resin, as described (Kim et al. 2004).

Essential metals except zinc were repleted by the

DMEM which was adjusted to 10% Chelex-treated

FBS. Cells were cultured in ZnA or ZnD medium for

24 to 48 h before harvest.

Luciferase assays

XEN cells were seeded at low density (1.5 9 104 cells

per well) in gelatin-treated 24 well plates and allowed

to attach in ZnA medium. Cells were then kept in ZnA

medium or switched to ZnD medium and transfected

using Lipofectamine2000 (Life technologies) at a

1:1.4 ratio of DNA to Lipofectamine2000. Cells were

co-transfected with 150 ng/well each of a Zip5

30-UTR luciferase reporter and a renilla luciferase

reporter control plus 600 ng/well of anti-LacZ siRNA/

EmGFP expression vector to monitor transfection

efficiency (Life technologies). These transfected XEN

cells were cultured for 16 h, fresh medium was added

and cells were harvested 8 h later. Some ZnD

transfected cells were repleted with zinc (40 lM

ZnCl2) during the last 6–8 h before harvest.

To examine the potential roles of miR-328 and miR-

193a, XEN cells were plated as above and transfected in

ZnA medium with 600 ng total/well of antagomiR/

EmGFP expression vectors for miR-328 and miR-193a

(1:1) or with the control vector anti-LacZ siRNA/

EmGFP. Transfected cells were given fresh ZnA

medium 12 h after transfection and cultured for an

additional 30 h. At that time, the transfected cells were

switched to ZnD medium or kept in ZnA medium and

transfected with a Zip5 30-UTR luciferase reporter and a

renilla luciferase reporter control plus 600 ng total/well

of either antagomiR/EmGFP expression vectors for miR-

328 and miR-193a (1:1) or the control vector anti-LacZ

siRNA/EmGFP. These cells were given fresh medium

16 h after the second transfection and then harvested 8 h

later. Some ZnD transfected cells were repleted with zinc

(40 lM ZnCl2) during the last 6–8 h before harvest.

Harvested transfected cells were lysed at room

temperature with 19 passive lysis buffer (Promega) by

moderate shaking for 30 min at 25�C then assayed (or

stored at -80�C until assayed) using the dual lucif-

erase reporter system on a Turnerbiosystems Veritas

microplate luminometer according to the manufac-

turer’s specifications (Promega). All firefly luciferase

values were normalized to the co-transfected renilla

luciferase values and were expressed as relative light

units (RLUs). Data represent the average of 3–4

replicate wells and are expressed as the mean ± stan-

dard deviation (SD). All experiments were repeated

independently to confirm validity of results. Student’s

t tests were performed to determine statistical

significance between normalized luciferase means.

All means were compared relative to the respective

wild-type ZnA sample set for that experiment.

Significance was set to P \ 0.05.

Preparation of soluble and polysomal RNP

fractions

S100 soluble cytoplasmic RNP fractions and poly-

somal RNP pellets were prepared essentially as
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described (Dignam et al. 1983; Leibold and Munro

1988). Fresh VYS tissue (100 mg) or XEN cells

(100 mg) were homogenized, using a polytron, in ice-

cold homogenization buffer (40 mM Hepes, 5 mM

MgCl2, 125 mM KCl, pH 7.4, with or without 400

units/ml RNAse Block (Agilent)). Homogenates were

centrifuged at 4�C for 5 min at 5009g to pellet nuclei

and the recovered supernatant was then centrifuged

for 10 min at 8,0009g to remove mitochondria.

That supernatant was recovered and centrifuged

at 100,0009g for 30 min at 4�C. The high speed

supernatent was considered the soluble fraction and

the pellet was considered the polysomal RNP pellet.

The polysomal RNP pellet was resuspended in

homogenization buffer by brief sonication. Protein

content was determined by BCA. All extracts were

adjusted to 20% glycerol and stored at -80�C or used

immediately.

RNA was extracted from the soluble and polysomal

RNP fractions by the addition of a volume of Trizol

(Life technologies) equal to that of the recovered soluble

fraction. Samples were homogenized and RNA isolated

according to the manufacturer’s instructions. Soluble

and polysomal RNAs were resuspended in the same

volume such that the relative abundance of RNAs in

the respective fractions could be represented (Weaver

et al. 2007). RNAs (4 lg of polysomal and a volume

equivalent of soluble fraction) were resolved in pre-run

12.5% polyacrylamide/8.3 M urea/1 9 TBE gels at

18 V/cm. Gels were stained with ethidium bromide to

visualize fractionation and integrity of total RNA.

T1 RNAse footprinting

The full length 113 nucleotide mouse Zip5 30-UTR

was generated by annealing and ligating synthetic

overlapping oligonucleotides with free 30A residues

into the pGEMT vector (mouse; Fig. 1). A sequence

verified clone was linearized with Nco I and SP6 RNA

polymerase was used to synthesize a 32P body-labeled

sense-strand RNA or a non-radioactive sense-strand

RNA competitor. The RNA synthesis reactions (30 ll)

were as follows: Linear DNA template (1 lg) in

transcription buffer (Agilent) containing 10 mM DTT,

0.5 mM each of ATP, GTP, UTP and 0.5 mM CTP for

non-radioactive RNA competitor or 110 lCi of a32P-

CTP (800 Ci/mmol) for radioactive RNA. SP6 RNA

polymerase (10 U) was added and the reaction mixture

was incubated at 37�C for 1 h. The DNA template was

removed by the addition of 4 units of RNAse-free

DNAseI (NEB) for 15 min at 37�C. The synthesized

RNAs were precipitated by the addition of 1.5 lg of

heat-denatured, fragmented salmon sperm DNA

(ssDNA), 0.3 M ammonium acetate, and 2.5 volumes

of cold ethanol. RNA pellets were washed twice with

70% ethanol, briefly dried, and diluted into 50%

glycerol. ssDNA was used to prevent non-specific

binding and served as a carrier that did not interfere

with the T1 RNAse digestion. Reactions with ssDNA

omitted generated similar T1 digests but had variabil-

ity in loading due to non-quantitative transfer.

T1 digests (20 ll) did not contain RNAse inhibitors

but the reactions contained 30 fmol (20,000 dpm)

labeled UTR RNA, 6 mM Hepes, 0.75 mM MgCl2,

170 mM KCl and 17.5% glycerol, pH 7.4, ±1 lg of

soluble or polysomal protein, ±100-fold molar excess

cold competitor, and ±1 unit of T1 RNAse (Ambion).

Protein binding and cold competitor reactions were

incubated for 30 min at 25�C before the addition of

T1 RNAse. T1 digestions were carried out for up to

45 min at 25�C. Reactions were quenched by addition

of formamide to a final concentration of 50% and

EDTA to a final concentration of 9.5 mM, denatured

at 95�C for 5 min, snap-chilled on ice for several

minutes and resolved in pre-run 12.5% polyacryl-

amide/8.3 M urea/1 9 TBE gels at 18 V/cm. Gels

were then visualized by autoradiography using

Biomax film (Kodak) according to manufacturer’s

recommendations.

RNA electrophoretic mobility shift assays

(EMSAs)

32P-labeled or unlabeled probes corresponding to

nucleotides 22 through 84 of the Zip5 30-UTR (mouse;

Fig. 1) were generated from cloned double-stranded

oligonucleotides, as detailed above. Reaction

conditions were identical to those in the T1 RNAse

footprinting reactions described above except that

they also contained excess polyI:C (0.5 lg/ll) or

heparin (0.35 mg/ml) (both from Sigma) and 8 units

of RNAse Block. The soluble or the polysomal RNP

fractions (1 lg protein) were allowed to bind at 25�C

for 1 h before complexes were resolved in pre-run 4%

polyacrylamide gels containing 25 mM Tris, 192 mM

Glycine, pH 8.3, at 8 V/cm. Gels were dried and visu-

alized by autoradiography using Biomax film (Kodak)

according to manufacturer’s recommendations.
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Results

Conservation of the Slc39a5 (Zip5) mRNA 30-
untranslated region among several mammals,

and prediction of miRNAs that may target this

region

Alignment of the sequences of the Zip5 30-UTR from

several mammals reveals a high degree of sequence

conservation throughout the *113 nucleotide region

(Fig. 1). Human and chimp sequences are identical.

Mouse and rat sequences have only four nucleotide

differences with the exception of seven nucleotides

unique to the rat at the 50 end of the UTR. Mouse and

human sequences have only eight nucleotide differ-

ences. The mFOLD algorithm predicts secondary

structures within the Zip5 30-UTR. Among the group

of predicted structures, a 34 nucleotide stem-loop

structure that is highly conserved and which has the

highest predicted stability (-13.06 kcal/mol) is

shown in Fig. 1. Two stem bulges and a terminal loop

are predicted for this putative structure in each of these

Fig. 1 Alignment of Slc39a5 (Zip5) 30-UTRs across five

mammalian species showing an mFOLD (Zuker 2003) predicted

stable stem-loop structure and Venn-diagram of candidate

miRNAs predicted by three algorithms to target this UTR. The

full-length sequences of Zip5 30 UTRs from human, chimp, dog,

mouse, and rat were aligned and annotated with empirical

information from available Zip5 cDNAs (Dufner-Beattie et al.

2004). The polyadenylation signal (polyA signal) and the

polyadenylation site (polyA site) are indicated. Yellow indicates

nucleotides conserved in all species shown; green and cyan
indicate nucleotides conserved in two or more species shown.

The most stable stem-loop predicted by mFOLD (Zuker 2003) is

shown. Stem-loop residue A17 is A44 in the full length UTR

sequence. Two conserved single nucleotide bulges are indicated

by heavy arrowheads. miR-328 and miR-193 seed sites are

indicated with black bars. Venn-diagram: light gray shaded
region, miRNAs predicted by the miRBase algorithm (Sanger);

dark gray shaded region, miRNAs predicted by TargetScan;

black shaded region, miRNAs predicted by PicTar. Only miR-

328, miR-193, and miR-137 are predicted by all three

algorithms to target the 30-UTR of Zip5 mRNA
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mammals (Fig. 1). The predicted stem-loop has very

little differences between the five species, including,

most notably, an additional base (A17) in the terminal

loop of three species (human, chimp, dog).

We next determined if miRNAs are predicted to

target the Slc39a5 (Zip5) 30-UTR (Fig. 1). The pub-

licly available miRanda (miRBase) algorithm renders

a list of approximately two dozen putative miRNAs

that potentially target the 30-UTR of Zip5 mRNA. We

narrowed the possible candidates by employing two

other algorithms that also predict miRNA-mRNA

seed pairs, namely TargetScan (Friedman et al. 2009;

Grimson et al. 2007) and PicTar (Grun et al. 2005;

Krek et al. 2005; Lall et al. 2006). All three algorithms

predict miRNA-mRNA interactions based on 50

miRNA seed sites in the 30-UTRs of mRNAs;

however, their weighting and threshold values for other

criteria including site conservation or combinatorial

action differ and thus their outputs differ.

Three conserved miRNAs, miR-328, miR-137 and

miR-193a-3p (also referred to as miR-193 or miR-

193a; for uniformity, miR-193a will be used through-

out this paper), were predicted by all three algorithms

to target the 30-UTR of the mammalian Zip5 mRNAs

(Fig. 1). miR-193b shares the same seed site sequence

as miR-193a and therefore was also examined. We

found that miR-137 is not expressed in any tissues that

express detectable levels of Zip5 and is therefore not

considered further (data not shown). It is noteworthy

that PicTar predicts Zip5 as the number one target for

miR-193a and the number four target for miR-328 in

mammals. These results satisfied the first criterion to

validate miRNA targets.

T1 RNAse protection and EMSA assays suggest

that the Zip5 30-UTR is structured and can be

specifically and constitutively bound by polysome-

associated protein(s)

We performed T1 RNAse footprinting (Fig. 2) with

or without polysomal RNPs isolated from day 14

embryonic VYS harvested from pregnant mice fed a

ZnA or ZnD diet (Dalton et al. 1996, 2003, 2004).

Results of the T1 digest in the absence of proteins

indicate that the Zip5 30-UTR is highly structured. T1

cleaves 30 of single-stranded guanosine residues in

RNA. The longest stretch of sequence in the Zip5 30-
UTR without guanosines is 21 nucleotides (Fig. 1).

Therefore, the presence of T1 digestion products

larger than 21 nucleotides out to 45 min of T1

digestion in the absence of polysomal RNP fraction

(Fig. 2) suggests that the Zip5 30-UTR adopts a stable

structure. The predicted structure (Fig. 1) does not

contain single-stranded guanosines in the terminal

loop. The T1 RNAse footprinting of the labeled UTR

preincubated with polysomal RNP fraction from either

ZnA or ZnD VYS resulted in protection of some

apparently full-length Zip5 30-UTR and yielded RNA

fragments larger than those found in the digests

without polysomal RNP fraction (Fig. 2). Inclusion of

a 100-fold molar excess of competitor in the binding

reaction eliminated protection of the full-length UTR

by polysomal RNPs suggesting that the binding is

specific. This UTR RNA with scrambled miRNA seed

sites (see Fig. 6) yielded T1 footprints indistinguish-

able from those of the native UTR (data not shown)

suggesting that they did not contribute significantly to

the binding in this assay.

To further examine specificity of protein interac-

tions with the Zip5 30-UTR, we performed native RNA

EMSA with a labeled UTR fragment encompassing

the stem-loop structure as well as the downstream

Fig. 2 T1 RNAse footprinting of the full length Zip5 30-UTR

with or without visceral yolk sac polysomal ribonucleoprotein

fractions. Uniformly labeled full-length Zip5 30-UTR RNA (113

nucleotides; Fig. 1) was synthesized in vitro, incubated with or

without VYS polysomal RNPs (Polysomal RNPs) and then

digested with T1 RNAse (±T1 RNAse) for 10 min or 45 min as

indicated. Polysomal RNPs were prepared from day 14

embryonic VYS taken from pregnant dams fed a ZnA (A) or

ZnD (D) diet beginning on day 8 of pregnancy. Where indicated,

the reactions also included a 100-fold molar excess of unlabeled

competitor (±competitor). Reaction products were size frac-

tionated and visualized by autoradiography. Approximate sizes

of products are indicated (Est nt) and dark arrowheads
demarcate four major reaction products
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miRNA seed sites (nucleotides 22–84), but not the

polyadenylation signal (Fig. 1). Binding reactions

were performed with or without either the soluble or

the polysomal RNP fraction, and with or without a

100-fold molar excess of cold competitor (unlabeled

RNA of the same sequence). The mobility of the

Zip5 30-UTR stem-loop probe was shifted when the

polysomal RNP fractions were included in the binding

reactions but not when the soluble RNP fractions were

included (Fig. 3; left panel). As described later in the

Results section, enrichment for polysomal and con-

comitant depletion of nuclear transcripts (see Fig. 5)

from these fractions suggests that the polysomal RNP

fractions are highly enriched. Additionally, the mobil-

ity shifts were eliminated by inclusion of excess cold

competitor (Fig. 3) suggesting that the binding is

specific. The mobility shift obtained using the rat

extraembryonic XEN cell line polysomal RNP frac-

tion was indistinguishable from that obtained with the

VYS polysomal RNP fraction. Indistinguishable

mobility shifts were obtained with high salt extracts

of the polysomal RNP fractions in the binding

reactions (data not shown). Thus, the Zip5 30-UTR

must efficiently compete for binding with polysome-

associated protein(s). We also noted that the EMSA

shifts were resistant to 400 mM KCl which is indic-

ative of high-affinity binding with the Zip5 30-UTR

stem-loop structure (data not shown).

The EMSA results further revealed that the VYS

and XEN polysome-induced mobility shifts were not

significantly affected by whether the polysomal RNPs

came from ZnA or ZnD tissues or cells. Taken

together, the T1 RNAse footprinting and the EMSA

results demonstrate that a protein(s) or RNP complex

associated with the polysome fraction can bind with

high affinity and specificity to the Zip5 30-UTR, most

likely binding to the stem-loop structure. However, the

binding alone does not appear to be regulated by zinc

availability.

Two overlapping miR-328 and miR-193a

seed-sites are within predicted accessible

regions of the 30-UTR of Zip5

The majority of experimentally confirmed miRNA-

mRNA interactions target putatively accessible

regions in the 30-UTR of the mRNA of interest

(Kuhn et al. 2008). Thus, a criterion we considered

Fig. 3 EMSA using the Zip5 30-UTR stem-loop RNA and

soluble or polysomal ribonucleoprotein fractions from visceral

yolk sac or XEN cells. A uniformly labeled Zip5 30-UTR

sequence, corresponding to nucleotides 22 through 84 of the

Zip5 30-UTR (mouse; Fig. 1), was incubated with or without

either the soluble (S) or the polysomal (P) RNP fraction

isolated from embryonic VYS or XEN cells. VYS were harvested

on day 14 from pregnant dams fed a zinc adequate (ZnA; A)

or zinc deficient (ZnD; D) diet beginning on day 8 of pregnancy.

XEN cells were cultured in ZnA (A) or ZnD (D) media for

48 h. Where indicated, a 100-fold molar excess of

unlabeled competitor (cold) was included in the reaction.

Reaction products were size fractionated and visualized by

autoradiography

326 Biometals (2012) 25:319–335

123



was whether these predicted miRNAs may target

accessible regions of the 30-UTR of Zip5. As shown in

Fig. 1, each of the miRNAs was predicted to target

putatively accessible regions of the 30-UTR of Zip5

mRNA. Additionally, miR-328 and miR-193a were

predicted to target accessible loops even in other

predicted secondary structures of lower predicted

stability (data not shown).

As is often the case for mRNAs regulated by

miRNAs, two putative seed-pairing sites for miR-328

and miR-193a were noted in the 30-UTR of Zip5 and in

both cases the seed-paring sites for these miRNAs

overlapped with a one nucleotide shift. The down-

stream sites were in an optimal location in the UTR

since it has previously been shown that [15 nucleo-

tides downstream of the stop codon is a favorable

context for the majority of miRNA seed sites (Grim-

son et al. 2007). The upstream overlapping seed-sites

for miR-328 and miR-193a were predicted to be in a

less favorable location within 4–5 nucleotides down-

stream of the stop codon, yet these sites were

conserved in humans, chimpanzees, rats and mice.

In summary, miR-328 and miR-193a putatively target

evolutionarily-conserved and redundant seed-sites in

accessible regions of the thermodynamically-

predicted lowest folding energy state for the Zip5

30-UTR. This satisfies the second criterion to validate

miRNA targets.

miR-328, miR-193a and miR-193b are detected

in tissues which actively express and regulate ZIP5

in response to zinc

To examine the expression levels of miR-328, miR-

193a and miR-193b, we used a sensitive and specific

real time quantitative PCR method able to distinguish

mature miRNAs differing by a single nucleotide. First,

we examined steady state levels of miR-328, miR-

193a, miR-193b and let-7b (not predicted to target the

Zip5 30-UTR) in total RNAs from VYS, intestine and

pancreas of mice fed a ZnA diet or a ZnD diet and from

rat XEN cells cultured in ZnA or ZnD media.

Compared to let-7b, a miRNA known to associate

with polysomes (Maroney et al. 2006), the three

miRNAs of interest had comparable expression lev-

els in total cellular RNA (Fig. 4a). Raw Ct values

are plotted for the part a results to show absolute

abundance and not relative abundance. No zinc-

dependent changes in abundance were observed

(Fig. 4a). Because VYS was used for subsequent

analyses, the relative abundance of Zip5 and Zip4

mRNAs was also quantified in the ZnA and ZnD VYS

RNA samples (Fig. 4b) since the Zip4 mRNA is

stabilized and accumulates during zinc deficiency in

the mouse VYS while Zip5 mRNA abundance remains

constant (Dufner-Beattie et al. 2003, 2004; Weaver

et al. 2007). miR-328, miR-193a and miR-193b were

each expressed with comparable abundance in the

mouse VYS, intestine and pancreas, tissues known to

endogenously express and regulate Zip5 which thereby

satisfies the third criterion to validate miRNA targets.

Association of miR-328, miR-193a and miR-193b

with the polysomal ribonucleoprotein fraction

The association of these small RNAs with polysomes

was examined. We reasoned that if these miRNAs

target Zip5, they should be enriched in the polysomal

RNP fraction but might shuttle between the soluble

and the polysomal RNP fractions in a zinc-responsive

manner. RNA extracts were prepared from both the

soluble and the polysomal RNP fractions of VYS

taken from animals that were ZnA, ZnD or zinc-

repleted by an oral gavage of zinc. The nucleolar

snoRNA-202 was almost entirely depleted from the

soluble and the polysomal RNP fractions (Fig. 5a)

suggesting complete removal of large organelles such

as nuclei. Total RNAs from ZnA and ZnD VYS were

resolved on a denaturing gel (Fig. 5b, left panel) as

were RNAs from the soluble and the polysomal RNP

fractions from ZnA, ZnD, and zinc repleted VYS

(Fig. 5b, right panel). These RNAs demonstrated

distinct and repeatable banding patterns, confirming

effective fractionation of the lysates. Furthermore,

both Zip5 and Zip4 mRNAs were significantly

enriched in the polysomal RNP fractions as noted

previously (Weaver et al. 2007). The induction of

Zip4 mRNA in the ZnD samples confirmed the ZnD

state and the intermediate value for the 5 h gavage

sample confirmed those VYS were in the adaptive

transition returning to ZnA levels. We then exam-

ined the fold enrichment of the various miRNAs in

the soluble and the polysomal RNP fractions relative

to their respective abundance in the ZnA soluble

fraction. Each of these miRNAs were each at least

4-fold enriched in the polysomal RNP fraction

(Fig. 5d) and miR-328 was 10-fold enriched in that
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Fig. 4 Quantification of miR-328, miR-193a, miR-193b, Zip4
and Zip5 mRNA abundance in total RNAs from ZnA and ZnD

visceral yolk sac, intestine, pancreas and XEN cells. Embryonic

visceral yolk sacs (VYS), intestine and pancreas were harvested

on day 14 from pregnant dams fed a ZnA or ZnD diet beginning

on day 8 of pregnancy. XEN cells were cultured in ZnA or ZnD

medium for 48 h. Total RNA was reverse transcribed and

probed via quantitative PCR for miR-328, miR-193a, miR-

193b, let-7b miRNA abundance. VYS was also probed for Zip4
and Zip5 mRNA abundance. a miRNA abundance was

measured in ZnA (black bars) and ZnD (gray bars) VYS,

intestine, pancreas and XEN cells. Raw Ct values are shown.

Let-7b (not predicted to target Zip5) is shown as a miRNA

known to be associated with polysomes (Maroney et al. 2006).

Each bar represents the mean of three independent qPCR runs

(where each run was done in triplicate) ± SD Student’s t test

was used to determine significance. b Zip4 and Zip5 mRNA

abundance in VYS. The DDCt method was used to quantify

qPCR results. Zip5 and Zip4 mRNA abundance was normalized

to beta-actin mRNA and are presented as fold change relative to

their respective ZnA values. Each bar represents the mean of

three independent qPCR runs (where each run was done in

triplicate) ± SD. An asterisk indicates a P value \0.05 as

determined by Student’s t test
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fraction. There were no significant zinc-dependent

changes in the association of these miRNAs with the

polysomal RNP fraction.

The Zip5 30-UTR enhances translation when

zinc is available and this function depends

on the stem-loop as well as the miRNA seed sites

To study the functional significance of the Zip5 30-
UTR stem-loop and miRNA seeds-sites, we employed

a rat extraembryonic endoderm XEN cell line previ-

ously shown to express extraembryonic endoderm

markers (Soares et al. 1987). Extraembryonic endo-

derm is known to express and regulate ZIP5 in

response to zinc (Dufner-Beattie et al. 2004; Weaver

et al. 2007), but the rat XEN cells did not contain

significant levels of Zip5 mRNA (data not shown).

However, the XEN cells do express miR-328, miR-

193a and miR-193b (Fig. 4) and do exhibit specific

Zip5 30-UTR-protein interactions indistinguishable

from VYS (Fig. 3). To determine the structure–

function relationships in the Zip5 30-UTR, we engi-

neered expression vectors in which the firefly

luciferase coding sequence has the full-length mouse

Fig. 5 Quantification of miR-328, miR-193a, miR-193b,

snoRNA 202 and miR-let-7b in the soluble and the polysomal

RNP fractions from the VYS. Embryonic visceral yolk sacs

(VYS) were harvested from pregnant dams fed a ZnA or ZnD

diet or fed a ZnD diet and then given an oral gavage of zinc

(ZnR). RNAs were extracted and resuspended from the soluble

and the polysomal RNP fractions such that the relative

abundance of RNA in the respective fractions was represented

(Weaver et al. 2007). a Total RNA, polysomal RNA or soluble

RNA were reverse transcribed and amplified for the predom-

inantly nucleolar snoRNA-202. Values are reported as a percent

depletion relative to the total ZnA 2-DDCt value. b Total,

polysomal (Pol) and soluble (Sol) RNAs were resolved under

denaturing conditions and detected by ethidium bromide

staining. Arrows indicate RNAs that consistently partition into

the soluble RNP fraction. Lines indicate RNAs that consistently

partition into the polysomal RNP fraction (the dashed line
represents a faint band in total RNA that partitions into the

polysomal RNP fraction). c Zip5 and Zip4 mRNAs were

amplified in soluble (S) and polysomal (P) RNAs to confirm

effective fractionation of the cell lysates and the expected

effects of zinc on the abundance of these mRNAs in the VYS.

Values are reported as fold enrichment relative ZnA. An asterisk
indicates a P value \0.05 as determined by Student’s t test.

d Quantification of miR-328, miR-193a, miR-193b, and let-7b

abundance in the soluble and polysomal RNP fractions. For each

miRNA, the ZnA soluble RNP fraction 2-DDCt value was set to 1

and all other 2-DDCt values were reported as fold enrichment

relative to that value. All values shown in this figure represent

the mean of three independent qPCR runs (where each run was

done in triplicate) ± SD of the three runs. Student’s t test was

used to determine significance
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Zip5 30-UTR cloned downstream of its stop codon

(Figs. 6a, 7). In addition to the full-length wild-type

mouse Zip5 30-UTR, this UTR with the miRNA seed-

sites scrambled and/or the stem-loop deleted were

examined. The nucleotide sequences for the various

UTR structures are shown with detail in Fig. 6b and

diagrammatically in Fig. 7 for each given experiment.

The firefly luciferase-UTR vectors were transfected

into XEN cells along with a renilla luciferase expres-

sion vector internal control and the effects of zinc were

assessed (Fig. 7). Raw renilla luciferase values are

shown since zinc deficiency impacts global translation

and firefly luciferase values are normalized to renilla

luciferase in these experiments.

The full-length wild-type Zip5 30-UTR (Fig. 6b;

WT) and a mutant with scrambled miRNA seed sites

(Fig. 6b; SS) were examined (Fig. 7a). Disruption of

the miRNA seed sites alone significantly reduced

expression of firefly luciferase vector when zinc was

adequate in the culture medium. The level of expres-

sion of the mutant with scrambled miRNA seed sites

in ZnA medium was indistinguishable from that of

the wild-type 30-UTR reporter in ZnD medium. Zinc

deficiency caused about a 40% reduction in the

activity of the wild-type UTR expression vector, but

did not significantly further reduce the level of

expression of the mutant with scrambled seed sites

(Fig. 7a). Restoring zinc in the culture medium

restored expression of the vector with the wild-type

Zip5 30-UTR but had little effect on the expression

of the vector with scrambled miRNA seed sites.

Fig. 7 Functional analyses of the Zip5 30-UTR in transfected

XEN cells. XEN cells were cultured in ZnA or ZnD media for

30–48 h and then transfected with the luciferase Zip5 30-UTR

reporter constructs. The UTR structure is diagramed above each

panel (see Fig. 6 for sequence details). Some ZnD transfected

cells had 40 lM zinc added during the last 6–8 h of culture

(ZnR). All firefly luciferase values were normalized to co-

transfected renilla luciferase values. Each bar represents the

mean of 3–4 replicas ± SD. An asterisk indicates a P value

\0.05. All sample means were compared to the respective wild-

type ZnA mean for the given experiment. a The wild-type (WT)

and seed site (SS) mutant UTR vectors were also co-transfected

with either an antagomiR vector expressing GFP and siRNA

targeting LacZ (aLacZ) or antagomiR vectors expressing GFP

and siRNAs targeting miR-193a and miR-328 (a193/328), as

described in detail in the ‘‘Materials and methods’’ section.

b Concatamerized wild-type Zip5 30-UTR (WT 39) and

concatamerized Zip5 30-UTR with scrambled seed sites (SS

39) were transfected with a GFP expression vector as carrier.

c The full length wild-type Zip5 30-UTR (WT) or the Zip5 30-
UTR with deletion of the stem-loop (SL) were transfected with a

GFP expression vector as carrier. Two independent experiments

are shown. d The full length wild-type Zip5 30-UTR (WT) or the

Zip5 30-UTR with both scrambled seed sites and deletion of the

putative stem-loop (DM) were transfected with a GFP expres-

sion vector as carrier

Fig. 6 Diagram and nucleotide sequences of the luciferase-

Zip5 30-UTR wild-type and mutant reporter constructs. a Dia-

gram of the structure of the firefly and renilla luciferase reporter

constructs. Expression of the firefly and renilla coding

sequences was driven by the HSV-TK promoter. The bovine
growth hormone polyadenylation signal and site served as the

30-UTR for the renilla luciferase construct. b Wild-type and

mutant Zip5 30-UTR sequences used in these studies: The 34

nucleotide stem-loop; (sequence in red). The mutated seed sites;

(black bars) in the seed site mutant (SS) and the double mutant

(DM). The stem-loop mutant (SL) with the deletion site

indicated by an arrow. The double mutant (DM) with deletion

of the stem-loop and with scrambled seed sites. WT and SS

concatamers were constructed by adding two tandem repeats of

WT or SS fragments (sequence indicated by triangle) and the

third UTR repeat in the concatamers included the polyadenyl-

ation signal and site (see Fig. 7)

c
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Quantitative real time PCR analysis demonstrated that

changes in firefly and renilla luciferase activity in the

transfected cells did not reflect changes in the

abundance of these mRNAs (Fig. 8) but rather

reflected changes in the accumulation of these pro-

teins, suggestive of translation regulation.

The roles of miR-328 and miR-193a in the regu-

lation of ZIP5 translation was further examined by co-

expressing antagomiRs to these miRNAs in the

transfections in order to disrupt miRNA function(s).

AntagomiRs were transfected 48 h before the lucifer-

ase and renilla reporter vectors and the transfected

cells were cultured as above. Co-transfection of the

anatogomiRs did not affect the activity of the wild-

type 30-UTR when zinc was adequate or further

repress its expression when zinc was deficient

(Fig. 7a). However, zinc-responsive upregulation for

the wild-type 30-UTR reporter by zinc repletion was

attenuated (Fig. 7a). The antagomiRs were not as

robust as the seed site mutations and were not able to

delineate the individual effects of the two miRNAs.

This may reflect the incomplete loss of function of

these apparently abundant miRNAs.

Other studies have shown that concatamerized

UTRs often can enhance reporter gene regulation.

Concatamerization of the wild-type or the seed site

mutant 30-UTRs was therefore examined (Fig. 7b).

The expression of the firefly luciferase vector with

three tandem copies of the wild-type UTR (with only

the last copy containing the polyA signal) was

resistant to the effects of zinc deficiency and the basal

expression of firefly luciferase was unaffected by the

seed site mutations. However, both UTR constructs

retained some responsiveness to zinc repletion in the

culture medium. These results suggest that sequences

in the Zip5 30-UTR in addition to the miRNA seed sites

also contribute to translational control of Zip5 mRNA.

The role of the stem-loop structure was therefore

examined next (Fig. 7c). Compared with the wild-type

UTR, deletion of the stem-loop significantly reduced

basal expression of firefly luciferase in ZnA medium,

attenuated its further repression by zinc deficiency and

its induction by zinc repletion. These results were

similar to what was observed when the seed sites

in this UTR were mutated (Fig. 7a) and these data

indicate that the Zip5 30-UTR stem-loop also contrib-

utes to translational activation of ZIP5 in response to

zinc availability. As noted above, these changes in

firefly and renilla luciferase expression in the trans-

fected cells did not reflect changes in the abundance of

these mRNAs (Fig. 8).

Finally, we examined the effects of mutating both

the stem-loop and the miRNA seed sites on the

expression of firefly luciferase (Figs. 6b (DM), 7d).

The double mutant UTR yielded results similar to

those obtained with either the stem-loop or the seed

site mutation alone. Taken together, these studies of

the Zip5 30-UTR suggest that both the stem-loop

structure and the redundant miRNA seed sites partic-

ipate in the regulation of Zip5 mRNA translation in

response to zinc. These structures do not appear to

function synergistically or additively.

Discussion

We previously reported that the adaptive response to

dietary zinc in mice involves the rapid post-transcrip-

tional regulation of Zip5 in the intestine and pancreas,

but also in the visceral yolk sac during pregnancy

(Dufner-Beattie et al. 2004; Weaver et al. 2007).

Those studies suggested that Zip5 is not regulated by

Fig. 8 Examination of steady state levels for firefly and renilla
encoding mRNAs in transiently transfected XEN cells. XEN

cells were cultured and transfected as described in the legend to

Fig. 7. The following constructs were examined: The wild-type

Zip5 30-UTR (WT); this UTR with scrambled seed sites (SS);

this UTR bearing a deletion of the stem-loop (SL); a concatamer

of wild-type Zip5 30-UTR (WT 39) and a concatamer of this

UTR with scrambled seed sites (SS 39) (see Fig. 6 for details).

Total RNA from ZnA (dark gray bars) or ZnD (light gray bars)

transfected XEN cells was reverse transcribed and amplified via

qPCR to measure relative abundance of firefly and renilla
luciferase mRNAs. The DDCt method was used to interpret

qPCR results. All firefly 2-DDCt values were first normalized to

renilla 2-DDCt values. The WT ZnA normalized value was set to

1 and the 2-DDCt values for all other samples were reported as

relative fold changes to the WT 1 9 ZnA value. Each bar
represents the mean of three independent qPCR runs (where

each run was done in triplicate) ± SD. Student’s t test was used

to determine significance
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futile protein degradation during zinc deficiency but

instead Zip5 mRNA remains polysome-associated

and can be rapidly translated when adequate zinc is

restored. Zip5 protein is localized to the basolateral

membranes of intestinal enterocytes, visceral yolk sac

endoderm, and pancreatic acinar cells (Dufner-Beattie

et al. 2004; Weaver et al. 2007) and appears to be

unique thus far among the Slc30a and Slc39a families

of zinc transporters with regard to positive transla-

tional regulation in response to zinc. We hypothesized

that Zip5 expression is regulated by a translational

stall mechanism that is zinc-responsive (Weaver et al.

2007). Herein, we sought to determine the molecular

mechanisms of this zinc-responsive translational

regulation.

The role of the iron-responsive element (IRE) stem-

loop structure in translational control of the ferritin

heavy and light chain mRNAs is well documented

(Leibold et al. 1990; Walden et al. 2006). The lowest

free energy fold for the 28 nucleotide IRE has a DG

value of -7.32 kcal/mol. The ferritin heavy and light

chain mRNAs have IREs in their 50 UTRs which

provides a binding site for IRP leading to blocked

translation of these mRNAs during iron deficiency

(Leibold et al. 1990; Walden et al. 2006). Other

mRNAs contain IREs and are also regulated by iron

availability either at the level of mRNA stability or

translation. In contrast, the lowest predicted free

energy fold for the 34 nucleotide Zip5 stem-loop

(DG = -13.06 kcal/mol) is somewhat more stable

than that of the IRE and an in vitro protein binding

assay with a Zip5 30-UTR probe indicated constitutive

binding that is not zinc-responsive.

The Zip5 30-UTR stem-loop appears to function as a

positive regulator of ZIP5 translation in response to

zinc. The stem-loop sequence is unique in the mouse

and human genomes. Thus, its function in control of

translation may be unique to Zip5 mRNA. However,

the 18 bases (bases 15–32 of the Zip5 stem-loop) of the

terminal loop and 30 stem (CACCACAGGAATGG

AGGC) is exactly repeated in a very large intron

(50,000 nucleotides long) in the mouse Runx1 tran-

scription factor gene but was not found in the human

Runx1 gene. Runx1 is involved in myeloid cell lineage

differentiation and hematopoiesis, a zinc-dependent

process (Elagib et al. 2003; Nagamura-Inoue et al.

2001), but the significance of this sequence in

mouse Runx1, if any, is unknown. Further studies

are required to elucidate the molecular mechanisms

involved in the positive control of Zip5 mRNA

translation by its 30-UTR stem-loop structure.

MicroRNAs have been implicated in many

post-transcriptional regulatory mechanisms, including

P-body localization of mRNAs, mRNA degradation,

translation initiation, translation stall, and even trans-

lation upregulation (Fabian et al. 2010). Most numer-

ous are reports of mechanisms resulting in either

inhibition of cap-dependent initiation of translation or

mRNA deadenylation and decay (Fabian et al. 2010).

However, miRNA-mediated upregulation of tumor

necrosis factor a mRNA translation, an AU-rich

element containing mRNA, and other target mRNAs

has been reported during cell cycle arrest (Vasudevan

et al. 2007, 2008; Vasudevan and Steitz 2007).

Translational control often involves the 30-UTR of an

mRNA and the Zip5 30-UTR is highly conserved across

multiple mammalian species and contains redundant

seed sites for two miRNAs (miR-328 and miR-193a).

Redundant miRNA seed sites are a common feature

of mRNA targets. None of the other Slc30a (Znts) or

Slc39a (Zips) zinc transporters are predicted targets of

miR-328 or miR-193a. These miRNAs fulfill several

criteria which support the concept that they target Zip5

mRNA. Computational prediction identifies these

miRNA-mRNA seed pairs in the conserved Zip5 30-
UTR and DG analysis of the 30-UTR suggests that these

miRNAs target accessible regions. Furthermore, these

miRNAs are co-expressed in tissues which express

abundant Zip5 mRNA in vivo, and they are, at least in

part, associated with polysomes in these tissues.

Finally, transfection experiments revealed that these

miRNA seed sites are important for active translation

of Zip5 mRNA when zinc is replete, and antagomiRs

against these miRNAs attenuated translation of a firefly

luciferase reporter gene. Taken together, these studies

provide strong evidence that miR-328 and miR-193a

participate in the regulation of Zip5 mRNA translation

when zinc is replete. The mechanism of this regulation

is not entirely understood but an mRNA degradation

mechanism appears unlikely under these conditions.

We previously reported that Zip5 mRNA abundance is

unchanged in vivo with zinc availability in wild-type

animals (Weaver et al. 2007) and the transfection

data reported herein do not appear to reflect changes

in firefly luciferase mRNA levels. Inhibition of trans-

lation initiation or a P-body localization mechanism

seem unlikely given that Zip5 mRNA remains poly-

some-associated in vivo (Weaver et al. 2007).
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It should also be noted that ZIP5 protein is

destabilized in vivo during zinc deficiency whereby

it is internalized and degraded (Weaver et al. 2007).

Clearly this mechanism contributes significantly to the

dramatic loss of ZIP5 during zinc deficiency, and may

explain why the Zip5 30-UTR alone was insufficient to

mediate a complete loss of the firefly luciferase protein

during zinc deficiency in our transfection experiments.

Therefore, our transfection studies can only assay the

translational control component of the overall Zip5

regulatory mechanism.

The results reported herein suggest that the Zip5 30-
UTR stem-loop and redundant miRNA seed sites

function in a non-additive, non-synergistic manner.

They appear to function in the same pathway. Thus, the

Zip5 30-UTR functions as an integrated, zinc-respon-

sive translational regulatory element. To our knowl-

edge, this represents the first demonstration of a

zinc-responsive translational regulatory element and

clarifies our previous findings that ZIP5 protein levels

but not mRNA levels are zinc-responsive (Dufner-

Beattie et al. 2004; Weaver et al. 2007). Recently,

miR-398 in Arabidopsis thaliana was reported to

regulate both cytosolic Cu/Zn superoxide dismutase

and Cox5b-1 (a cytochrome c oxidase subunit) by

causing the degradation of these mRNAs in response to

copper limitation (Yamasaki et al. 2007). In addition,

the plastocyanin mRNA was similarly down-regulated

by miR-397, miR-408, and miR-857 (bdel-Ghany and

Pilon 2008). Those findings provide precedent for

miRNA-mediated gene regulation in metal homeosta-

sis and further suggest that more than one mechanism

of action for miRNAs in metal homeostasis exists.

The current findings provide insights into the

control of zinc-responsive translational regulation.

We report the first demonstration of a conserved RNA

stem-loop, interacting with two miRNAs in this

regulatory mechanism. We speculate that the complex

interaction of an RNA secondary structure with

miRNPs serves to fine-tune zinc homeostasis simul-

taneously in multiple tissues in a cell-autonomous

manner. In conclusion, the Zip5 30-UTR functions as

an integrated zinc-responsive element to control Zip5

translation in response to changes in zinc availability.
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