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Structure–function analysis of LIV-1, the breast cancer-associated protein
that belongs to a new subfamily of zinc transporters
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The LIV-1 gene has been previously associated with oestrogen-
positive breast cancer and its metastatic spread to the regional
lymph nodes. We have investigated the protein product of this
gene as a marker for disease progression of breast cancer. The
protein sequence contains a potential metalloprotease motif
(HEXPHEXGD), which fits the consensus sequence for the
catalytic zinc-binding site motif of the zincin metalloproteases.
This motif has identified a new subfamily of ZIP (Zrt-, Irt-like
proteins) zinc transporters, which we have termed LZT (LIV-1
subfamily of ZIP zinc transporters). Expression of recombinant
LIV-1 in Chinese-hamster ovary cells confirmed the prediction
that LZT proteins can act as zinc-influx transporters. Zinc is
essential for growth and zinc transporters have an important role in
maintaining intracellular zinc homoeostasis, aberrations of which
could lead to diseases such as cancer. This is the first report of the

expression of a recombinant human LZT protein in mammalian
cells. Recombinant LIV-1 locates to the plasma membrane,
concentrated in lamellipodiae, similar to membrane-type metal-
loproteases. Examination of LIV-1 tissue expression located it
mainly to hormonally controlled tissues with widespread expres-
sion in the brain. Interestingly, the LIV-1 sequence contains a
strong PEST site and other potential degradation motifs, which,
combined with our evidence that recombinant LIV-1 associates
with ubiquitin, may explain the low-level expression of LIV-1.
Combining the crucial role that zinc plays in cell growth and the
proven role of metalloproteases in metastasis presents an exciting
indication of how LIV-1 plays a role in breast cancer progression.

Key words: breast cancer, HEXXH, LIV-1, metalloprotease, zinc
transporter, ZIP (Zrt-, Irt-like protein) transporter.

INTRODUCTION

LIV-1 has been identified as a novel gene whose expression is
stimulated by oestrogen treatment of MCF-7 and ZR-75 breast
cancer cells (4- and 8-fold respectively) [1]. Our investigation of
LIV-1 expression in clinical breast-tumour populations reveals a
significant association with oestrogen receptor status [2], a fact
that also indicates the response of a patient to endocrine therapy
[3]. Importantly, however, LIV-1 mRNA expression also shows a
highly significant association with the spread of breast cancer to
the regional lymph nodes [4], a relationship which is absent from
other oestrogen-regulated genes (e.g. PR and pS2 [4]). In particu-
lar, LIV-1 associates with small (< 2 cm) oestrogen-receptor-
positive tumours of which 92 % show lymph-node involvement.
This increases the possibility that LIV-1 expression may be both
a suitable prognostic marker for lymph-node involvement and
also a key determinant of metastatic spread in steroid hormone
receptor-positive disease.

LIV-1 has been shown to belong to a new subfamily of ZIP
(Zrt-, Irt-like proteins) zinc transporters, now termed LZT (LIV-1
subfamily of ZIP zinc transporters) [5]. We have shown previously
that these sequences, currently 36 from over 12 species [5],
contain a novel potential metalloprotease motif [6] similar to that
present in the MMPs (matrix metalloproteases), which have an
important and well-documented role in metastasis [7].

Eukaryotes have many zinc transporters, which have now been
implicated in the transport process, but all have not been fully
characterized. The most researched transporters belonged either to
the ZIP or the CDF (cation diffusion family) transporter families,
as reviewed by Gaither and Eide [8]. ZIP transporters are situated
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either on the plasma membrane and act as zinc influx transporters
or are situated on the intracellular membranes allowing them to
mobilize stores from these structures. The ZIP family consists of
at least 86 members and can be divided into four separate sub-
families [8].

There are at least 15 known human members of the ZIP-
transporter superfamily [5], with one in ZIP subfamily I, three
in ZIP subfamily II (hZIP1, hZIP2 and hZIP3), two in the gufa
subfamily and nine in the LIV-1 subfamily. Previous studies
in mammalian cells have indicated that both hZIP1 and hZIP2
are time, temperature- and concentration-dependent zinc uptake
transporters [9,10]. The similarity of the LIV-1 sequence to that of
the ZIP transporters suggests that the LIV-1 family may also have
a similar role.

Zinc is essential for cell growth and is a co-factor for more than
300 enzymes, representing over 50 different enzyme classes [11].
Zinc is involved in protein, nucleic acid, carbohydrate and lipid
metabolism, as well as in the control of gene transcription, growth,
development and differentiation [12]. Not only can zinc deficiency
be detrimental, causing stunted growth and serious metabolic
disorders [13], excess of it can also be toxic to cells [14]. Zinc can-
not passively diffuse cell membranes; therefore, specific zinc
transporter proteins are required to transport zinc into cells. As
zinc is essential for cell growth, membrane proteins capable of
transporting zinc into cells will have a crucial role in maintaining
the cellular balance between apoptosis and cell growth, aber-
rations of which could lead to cancer.

In the present study, we investigate the expression of recom-
binant LIV-1 protein, the first study of a human member of the
LZT subfamily in mammalian cells. We have shown its
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localization to the plasma membrane lamellipodiae, similar to the
membrane-type metalloproteases, which have been linked to
metastasis. We also show how the presence of LIV-1 imparts a
novel zinc uptake activity on the cells, confirming its role as a zinc
transporter. Therefore the combination of zinc-uptake ability and
potential metalloprotease activity suggests a possible mechanism
for the role of LIV-1 in breast cancer progression.

EXPERIMENTAL

LIV-1 RNA expression in human tissues

A multiple-tissue expression array (MTETM, BD Biosciences,
Oxford, U.K.), containing polyadenylated RNA from 68 normal
human tissues and eight cancer cell lines was hybridized with
a 540 bp LIV-1-specific 32P-labelled cDNA probe (138–678 bp)
according to the manufacturer’s instructions.

Computer prediction of the LIV-1 sequence

The computer prediction of LIV-1 secondary structure was
achieved using the GCG [Wisconsin Package Version 9.0, Genet-
ics Computer Group (GCG), Madison, WI, U.S.A.] package of
software as well as SignalP [15] for signal peptide prediction,
PESTFIND for potential PEST sites [16] and SAPS for statistical
analysis of protein structure [17]. Potential transmembrane (TM)
domains were identified using a combination of SOSUI [18],
TMPred [19], SOPMA [20], HMMTOP [21], DAS [22] and
PSORT [23].

Generation of LIV-1 cDNA construct

A LIV-1 PCR construct was generated using oligonucleotide
primers (overlap with LIV-1 is underlined): 5′-CCCATCGGATC-
CGGCACAATGGCGAGGAAGTTATC-3′ (138–154 bp) and 5′-
GAAATTTATACGAAACACGATTTTATG-3′ (2358–2384 bp),
removing the stop sign to PCR-amplify clone pLIV-1-F1
(U41060) using 1 unit Biotaq DNA polymerase from Bioline
(London, U.K.). The PCR parameters were 2 min at 94 ◦C, fol-
lowed by 25 cycles of 1 min at 94 ◦C, 1 min at 55 ◦C, and 1 min at
72 ◦C, with a final extension for 30 min at 72 ◦C. The product was
ligated to pcDNA3.1/V5-His-TOPO (Invitrogen, Paisley, U.K.),
adding the V5 epitope (5 kDa in this vector), for 5 min at 25 ◦C.
TOP10 One Shot cells were transformed and colonies were grown
on ampicillin plates overnight at 37 ◦C before testing for insert
and orientation by PCR. Constructs were validated by sequence
analysis using the BigDye Terminator cycle sequencing ready
reaction kit (Applied Biosystems, Warrington, Cheshire, U.K.)
and an ABI Prism 377 DNA sequencer (Applied Biosystems).

Translation of LIV-1 in vitro

The LIV-1 pcDNA3.1/V5-His-TOPO construct was transcribed/
translated in vitro (TNT), with or without the addition of
canine pancreatic microsomal membranes (Promega, Chilworth,
Southampton, U.K.), using the TNT quick-coupled Transcription/
Translation system (TNT; Promega), according to the manufac-
turer’s instructions. Samples were analysed by SDS/PAGE and
detected with the Transcend system (Promega). The product was
immunoprecipitated with 1 µg of mouse anti-ubiquitin antibody
(StressGen Biotechnologies, San Diego, CA, U.S.A.) or 1 µg
of mouse anti-V5 antibody (Invitrogen). Samples analysed by
Western blotting were either probed with antibody or detected

by horseradish peroxidase chemiluminescence using West Femto
reagent (PerbioScience, Cheshire, U.K.).

Expression of recombinant LIV-1 in CHO (Chinese-hamster ovary)
cells

CHO cells were maintained in minimal essential medium (Sigma)
with 10 % (v/v) foetal calf serum, 4 mM glutamine, 20 µg/ml
penicillin and streptomycin and 2.5 µg/ml fungizone in 5 % CO2

at 37 ◦C. Cells were transfected with the relevant pcDNA3.1/V5-
His-TOPO constructs using LIPOFECTAMINETM 2000 (Invitro-
gen), according to the manufacturer’s instructions. Briefly, 9 ×
105 cells, grown on 60 mm dishes for 24 h, were transfected with
8.8 µg of DNA and 27.5 µl of reagent in antibiotic-free media.
Sodium butyrate (3 mM) was added 14 h before harvest.

Engineering LIV-1 mutants for expression in insect cells

The same TOPO-TA cloning method was used to engineer two
TM-deletion mutants for expression in Schneider S2 Drosophila
cells as described above but with the pMT/V5-His TOPO vector
(Invitrogen), producing a C-terminal V5 tag of 2.6 kDa, and the
following oligonucleotides. Overlap with LIV-1 sequence is un-
derlined, LIV-1 residue numbers for the mutated protein construct
are shown in parentheses and an Express epitope, added at the
3′-end, in bold: M3A (1–716, deletion of TM VIII), CCCATCC-
TTATCGTCATCGTCGTACAGATCCCAGCGGCTACATCC.
M3G (1–345, deletion of TM II–VIII), CCCATCCTTATCG-
TCATCGTCGTACAGATCCCGATTCATGAGAGG. BAM5:
CCCATCGGATCCGGCACAATGGCGAGGAAGTTATC. PCR
of full-length LIV-1 cDNA was performed with BAM5 and
M3A or M3G to produce constructs coding for proteins with
seven or one TM domains respectively. Schneider S2 Drosophila
cells were maintained in Drosophila Expression System (Invitro-
gen) expression medium with 10 % foetal calf serum at 24 ◦C
in sealed flasks. Cells were transfected with the relevant LIV-1
cDNA construct using calcium phosphate transfection (Invitro-
gen) following the manufacturer’s instructions. Briefly, 1 ×
106 cells/ml were co-transfected with 19 µg of DNA and 1 µg of
hygromycin-resistant plasmid (pCoHygro) before 24 h incuba-
tion. The cells were grown in hygromycin selection medium
for approx. 4 weeks before testing for recombinant protein ex-
pression.

SDS/PAGE, Western analysis and deglycosylation

Transfected CHO cells were harvested at different times between
8 and 48 h. After transfection, they were lysed for 1 h in ice-cold
lysis buffer [5.5 mM EDTA/0.6 % Nonidet P40/1/10 mammalian
protease inhibitor cocktail (Sigma) in Krebs–Ringer Hepes buf-
fer [24]] and immunoprecipitated with 1 µg of mouse anti-
V5 antibody (Invitrogen). Cells from 10 mm × 60 mm dishes
were pooled routinely for LIV-1 to compensate for the low
expression levels, whereas a 1 mm × 60 mm dish was used for
LacZ-expressing cells. Samples were separated by SDS/PAGE
[10 % (v/v) gel] and transferred to 0.25 µm nitro-cellulose mem-
brane (Schleicher and Schuell, London, U.K.). Control samples
from CHO cells transfected with the LacZ gene (Invitrogen) were
diluted 1/10 before SDS/PAGE due to the considerable increase in
produced recombinant protein compared with LIV-1. Membranes
were blocked with 5 % (w/v) non-fat milk in PBS and probed
with anti-V5 antibody (1/5000 in 1 % non-fat milk/PBS) fol-
lowed by goat anti-mouse horseradish peroxidase (1/500 in 1 %
non-fat milk/PBS) and immunoreactive bands were visualized by
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chemiluminescence using West Femto reagent (PerbioScience).
To investigate deglycosylation, CHO cell lysate fractions ex-
pressing recombinant LIV-1 or in vitro translated LIV-1 were
incubated with the endoglycosidase PNGase F (peptide N-
glycosidase F, 2 units; Boehringer Ingelheim, Bracknell, U.K.)
overnight at 37 ◦C before Western-blot analysis.

Fluorescence microscopy

Cells (2.2 × 105) were grown on 0.17 mm thick coverslips for 24 h
before transfection. Cells were fixed with 4 % (v/v) formaldehyde
for 15 min, permeabilized with or without 0.4 % saponin in
PBS for 15 min, blocked with 10 % (v/v) normal goat serum,
incubated with anti-V5 antibody (1/2000) for 1 h at room temper-
ature (25 ◦C), Alexa Flour 488-conjugated anti-mouse antibody
(1/1000; Molecular Probes, Europe BV, Leiden, The Netherlands)
for 1 h and assembled on to slides using Vectorshield (Vector
Laboratories, Peterborough, U.K.) with 1.5 µg/ml DAPI (4,6-
diamidino-2-phenylindole) to counterstain the nucleus. All cov-
erslips were viewed on a Leica RPE automatic microscope using
a ×100 oil immersion lens. Fluorescent superimposed images
were acquired by using a multiple band-pass filter set appropri-
ately for DAPI, fluorescein and Texas Red as well as a bright field
for DIC (differential interference contrast). To confirm that the V5
antibody was detecting recombinant LIV-1, a rabbit antiserum
was produced by injecting the peptide STPPSVTSKSRVSRL
(LIV-1 residues 215–229) conjugated to a multiple antigen
peptide core and was incubated as above at 1/50 dilution with the
anti-V5 antibody.

FACS analysis

For FACS analysis, mammalian cells, harvested carefully by
pipette and resuspended in Krebs–Ringer Hepes buffer, were in-
cubated with 50 µM Newport Green Diacetate (Molecular
Probes) for 1 h at 37 ◦C. Addition of 25 µM zinc chloride or
the zinc-specific chelator TPEN [N,N,N ′,N ′-tetrakis-(2-
pyridylmethyl)ethylenediamine; Molecular Probes] and sub-
sequent incubations were also at 37 ◦C. A Becton-Dickinson
FACS III flow cytometer and software were used to analyse FACS
results. Insect cells for analysis were resuspended in PBS with
1 % BSA with or without 1 % saponin. Cells were incubated
on ice with anti-V5 antibody (1/50) for at least 1 h followed by
fluorescein-conjugated secondary antibody for at least 30 min.

RESULTS

Tissue distribution of LIV-1

The multiple-tissue expression array (Figure 1) shows that LIV-1
is expressed in a number of different tissues with highest levels in
the breast (F9), prostate (E8), placenta (B8), kidney (A7), pituitary
(D3) and corpus callosum (C2). Of interest is the particularly high
level of LIV-1 expression in HeLa cells (B10), which are derived
from an adenocarcinoma of the cervix, and also lung carcinoma
(H10). It is also evident that LIV-1 appears at lowest levels in the
intestine and heart.

Computer prediction of LIV-1 secondary structure

The computer-predicted secondary structure of LIV-1 indicates a
protein with 6–8 TM domains, a molecular mass of 84 kDa and a
cleavable signal peptide between residues 19 and 20 (Figure 2).
LIV-1 has a long extracellular N-terminus (317 residues of a
total 749 amino acids) and a short extracellular C-terminus. A
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Figure 1 Tissue distribution of LIV-1

Autoradiograph of a human multi-tissue expression array hybridized with an LIV-1-specific
cDNA probe. High levels of LIV-1 expression are observed in breast (F9), prostate (E8),
HeLa cells (B10) and also in lung carcinoma (H10) and a number of other different
tissues. Tissues represented on the human multi-tissue expression array: A1, whole brain;
A2, cerebellum left; A3, substantia nigra; A4, heart; A5, oesophagus; A6, colon transverse;
A7, kidney; A8, lung; A9, liver; A10, leukaemia HL-60; A11, foetal brain; A12, yeast total RNA;
B1, cerebral cortex; B2, cerebellum right; B3, accumbens nucleus; B4, aorta; B5, stomach;
B6, colon descending; B7, skeletal muscle; B8, placenta; B9, pancreas; B10, HeLa S3; B11, foe-
tal heart; B12, yeast tRNA; C1, frontal lobe; C2, corpus callosum; C3, thalamus; C4, atrium left;
C5, duodenum; C6, rectum; C7, spleen; C8, bladder; C9, adrenal gland; C10, leukaemia K562;
C11, foetal kidney; C12, Escherichia coli rRNA; D1, parietal lobe; D2, amygdala; D3, pituitary
gland; D4, atrium right; D5, jejunum; D6, blank; D7, thymus; D8, uterus; D9, thyroid gland;
D10, leukaemia MOLT-4; D11, foetal liver; D12, E. coli DNA; E1, occipital lobe; E2, caudate
nucleus; E3, spinal cord; E4, ventricle left; E5, ileum; E6, blank; E7, peripheral blood leucocyte;
E8, prostate; E9, salivary gland; E10, Burkitt’s lymphoma Raji; E11, foetal spleen; E12, poly r(A);
F1, temporal lobe; F2, hippocampus; F3, blank; F4, ventricle right; F5, ileocaecum; F6, blank;
F7, lymph node; F8, testis; F9, mammary gland; F10, Burkitt’s lymphoma Daudi; F11, foetal
thymus; F12, human C0t-1 DNA; G1, p.g. of cerebral cortex; G2, medulla oblongata; G3, blank;
G4, inter-ventricular septum; G5, appendix; G6, blank; G7, bone marrow; G8, ovary;
G9, blank; G10, colorectal adenocarcinoma SW480; G11, foetal lung; G12, human DNA 100 ng;
H1, pons; H2, putamen; H3, blank; H4, apex of the heart; H5, colon ascending; H6, blank; H7, tra-
chea; H8, blank; H9, blank; H10, lung carcinoma A549; H11, blank; H12, human DNA (500 ng).

schematic of predicted structure is shown in Figure 3(A). TM IV
of LIV-1 contains the same conserved histidine residue present
in ZIP transporters but it is followed by asparagine in place of
the serine of ZIP transporters. In place of the conserved HXXXE
in TM V of ZIP transporters, LIV-1 has HEXXHE, which is
highly conserved in other sequences of the LZT family. From the
hydrophobicity plot (Figure 3B), it is noticeable that TMs IV and
V are the least hydrophobic of the TM domains and were not pre-
dicted as TM domains by four of the six packages used. However,
since they were both predicted by TMPred and DAS and they have
considerable homology with TM IV and V of ZIP transporters [5],
they have been included. The motif (HEXPHEXGD) at residues
629–637 fits the consensus sequence for the catalytic zinc-
binding-site motif of the zincin and peptide deformylase groups
of metalloproteases [25–27] and is predicted to be situated within
TM V [5]. The LIV-1 sequence contains a significantly high pro-
portion of histidine residues, greater than the 99% quantile point
[17]. These histidine-rich areas include five simple tandem
repeats, HHSDHE, at the N-terminus, the extracellular loop bet-
ween TMs II and III and the intracellular loop between TMs III
and IV (Figure 3A and Table 1).

Expression of recombinant LIV-1 protein in vitro and in CHO cells

The LIV-1 cDNA (U41060) was cloned into the expression vector
pcDNA3.1/V5-His-TOPO to enable expression in mammalian
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Figure 2 cDNA and protein sequence of LIV-1

cDNA sequence of LIV-1 (accession no. U41060), including the predicted amino acid sequence from the open reading frame, start position 138. Potential TM domains are underlined, histidine-rich
regions are boxed, signal peptide is in bold italics, catalytic metalloprotease zinc-binding site motif (residues 629–637) and mixed charge region (residues 442–462) are in boldface. Numbers on
the left refer to the cDNA sequence and numbers on right refer to the amino acid sequence.

cells from the cytomegalovirus promoter. The subsequent recom-
binant protein was expressed as a fusion protein with a 5 kDa V5
tag on the C-terminal end, enabling detection using the anti-
V5 antibody. To ascertain the optimal time post-transfection for
maximum LIV-1 production, samples were harvested at different
time periods between 8 and 48 h, producing optimal expression
of LIV-1 at 16 h (K. M. Taylor, E. Joyce and R. I. Nicholson, un-
published work). Subsequently, the LIV-1 construct was transi-
ently transfected into CHO cells for 16 h and the control CHO cells
were transfected without DNA. To determine the size of the ex-
pressed LIV-1 protein, transfected cells were lysed and immuno-
precipitated with the anti-V5 antibody to demonstrate a single
band of 105 kDa for LIV-1 (Figure 4A). The addition of butyrate
14 h before harvest (lane 1) considerably increased the intensity
of the LIV-1 band (lane 2). The control transfected CHO cells
(lane 3) produced no such band. The lower band observed was
presumed to be residual immunoglobulin from the immuno-
precipitation as this was never present without immunoprecip-
itation. The mass of the 105 kDa band agreed with the predicted
molecular mass of 84282 Da for LIV-1 and approx. 15 kDa due
to post-translational modifications such as the predicted N-linked
glycosylation (Table 1), taking into account the 5 kDa of the V5
C-terminal tag in this vector.

To confirm the presence of N-linked glycosylation, a LIV-1
transfected CHO cell lysate was treated with PNGase F to re-
move any such chains (Figure 4A, lanes 4 and 5 respectively).
Lane 6 represents the control CHO cells incubated with PNGase
F. This treatment produced a reduction of approx. 15 kDa in the
LIV-1 band confirming N-linked glycosylation. The presence of
these side chains was also verified by TNT of LIV-1, using TNT
either without or with canine pancreatic microsomes (Figure 4C,
lanes 1 and 2 respectively). This method produced a band of
the same size for LIV-1 as well as a second lower band when
microsomes were present (lane 2), suggesting incomplete post-
translational modification. This band was reduced in size when
either microsomes were absent (lane 1) or after treatment with
PNGase F (lane 3). These results together confirm that the mo-
lecular mass of LIV-1 is expressed as a band of 100 kDa, approx.
15 kDa of which is due to the presence of N-linked glycan chains.

The LIV-1 sequence contains a PEST motif with a score of 9.07
(residues 210–223) as well as numerous motifs, which can target
proteolytic degradation (Table 1), particularly a motif (residues
213–220) similar to a ubiquitin pathway degradation signal.
Therefore this in vitro translation system was used to determine
if LIV-1 was associated with ubiquitin in cells. In vitro translated
LIV-1 without microsomes was immunoprecipitated with either
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Figure 3 Secondary-structure prediction of LIV-1

(A) Schematic representation of LIV-1 secondary structure. Barrels, TM domains; Pale barrel,
TM domain V with conserved metalloprotease (HEXPHE) motif unique to the LIV-1 subfamily;
�, predicted N-linked glycan sites; HIS, (HX)n histidine-rich repeats; �, conserved mixed
charge region upstream of TM IV; letters in barrels, residues conserved in the LIV-1 subfamily in
positions identical or similar to those conserved in ZIP transporters, HN in TM IV and HXXHE
in TM V. (B) Hydrophobicity plot of LIV-1 using TMPred [19] with numbers added to indicate
predicted TM domains I–VIII.

anti-V5 (Figure 4C, lanes 4 and 5) or anti-ubiquitin (Figure 4C,
lane 6) antibodies and subsequently analysed by Western blot and
probed with the anti-V5 antibody (Figure 4C, lanes 4 and 6) or
the anti-ubiquitin antibody (Figure 4C, lane 5). This demon-
strated the presence of LIV-1 when either immunoprecipitated
with a ubiquitin antibody (Figure 4C, lane 6) or a V5 antibody
(Figure 4C, lane 5). Evidence of potentially poly-ubiquitinated
LIV-1 was observed by a higher molecular-mass smear in both
samples that had been exposed to the anti-ubiquitin antibody
(lanes 5 and 6).

Table 1 Details of sequence motifs found in LIV-1 protein sequence

LIV-1 residue number Sequence Potential motif or degradation signal

3–6 RKLS Potential endoplasmic reticulum retention signal

67, 235, 260, 277, 601, 678 NX(S,T) N-linked glycosylation

98–103, 104–109, 110–115, 116–121 HHSDHE, HHSDHE, RHSDHE Simple tandem histidine-rich repeat
122–126 HHSDHE, HHSDH

442–462 KDKKKKNQKKPENDDDVEIKK Mixed charge region

3, 76, 136, 232, 242 RK Dibasic motifs as proteolysis signals [47]
88, 135, 193, 393 KR
304, 444, 445, 446, 450, 461 KK
169 RR

86, 133, 150, 153, 162, 170, 203, 206 (R/K)Xn(R/K) where n = 2, 4 or 6 Dibasic motifs recognizable by proprotein convertases
223, 225, 228, 304, 439, 442, 444 [48]
445, 446, 447, 460, 528, 575, 742

210–223 KDVSSSTPPSVTSK Strong PEST site score +9.07 [16]

213–220 SSSTPPSV similar to SSSTDSTP Ubiquitin degradation signal [49]

Expression of recombinant LIV-1 in Schneider S2 cells

To investigate whether the predicted membrane topology for LIV-
1 was correct, Schneider S2 cells were stably transfected with
constructs coding for two TM-deletion mutants of LIV-1, termed
mutants A and G, where mutants A and G had seven and one TM
domains respectively. If the topology prediction in Figure 3(A) is
correct, these mutations are predicted to engineer proteins with
the C-terminus inside the cell and hence also the V5 tag. Both
recombinant proteins were successfully expressed and produced
bands of the expected masses (52 and 101 kDa for mutants G
and A respectively) for fully glycosylated proteins (Figure 4B,
lanes 1 and 2 respectively). These were calculated assuming
that the carbohydrate side chain in insect cells was 3 kDa [24]
and all potential N-linked sites contained glycan chains. Mutant
G, residues 1–345, was predicted to have a mass of 53 kDa
that corresponded to a molecular mass of 41 kDa (including the
2.6 kDa for the V5 tag in this vector) with four potential N-linked
glycan sites. Mutant A, residues 1–716, was predicted to have a
mass of 101 kDa that corresponded to a molecular mass of 83 kDa
(including the V5 tag) with six potential N-linked glycan sites.
Also shown is the control Schneider S2 cells (lane 3) and cells
transfected with the LacZ control plasmid (lane 4). The complex
TM structure of LIV-1 and its association with cell membranes
were confirmed by the observation that the recombinant LIV-1
protein was only detected in the cell lysis supernatant instead of
the residual cell pellet after increasing the detergent concentration
and time for lysis. All stable cell lines expressing the LIV-1 TM-
deletion mutants showed the same staining associated with the
plasma membrane when probed with V5 antibody, compared
with untransfected S2 cells (K. M. Taylor, L. Hadley and R. I.
Nicholson, unpublished work). The number of potential TM
domains present in the protein did not alter the cell location.

The level of expression of LIV-1 protein in Schneider S2 cells
was extremely low (Figure 4B). This was not due to the weak
metallothionein promoter as the LacZ–V5 fusion protein control
(diluted 1/100 compared with LIV-1) produced strong bands after
2 min (Figure 4B, lane 4) compared with more than 15 h for LIV-1
proteins in the same system (Figure 4B, lanes 1 and 2).

FACS analysis of cells stably expressing LIV-1 mutant G
(one TM domain) or mutant A (seven TM domains) only produced
increased fluorescence when cells were permeabilized (Figure 4D,
grey hollow curves), which was not observed with the control
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Figure 4 Western-blot analysis of recombinant LIV-1

Western-blot analysis of recombinant LIV-1 in CHO cells (A), insect cells (B) and in vitro (C). The
position of the molecular-mass markers is given in kDa on the right. (A) Immunoprecipitation
with V5 antibody of CHO cells expressing LIV-1 (lanes 1–3). LIV-1 produces a band of
105 kDa (lane 2), which is increased in intensity by sodium butyrate treatment (lane 1). Control-
transfected-CHO cells produced no such band (lane 3). The LIV-1 band (lane 4) decreased in
size after incubation with PNGase F (lane 5), indicating the presence of N-linked glycan chains.
Lane 6 represents CHO-transfection control. (B) Schneider S2 insect cells stably expressing
TM deletion mutant A (lane 1) with 7 TM domains or mutant G (lane 2) with 1 TM domain.
Lane 3 shows the control Schneider S2 cells. The overexposed control β-galactosidase band
(diluted 1/100) developed for the same time as LIV-1 is shown in lane 4. (C) In vitro translation
of LIV-1 without (lane 1) or with (lane 2) canine pancreatic microsomes shows a difference in
size which is abolished by incubation with PNGase F in the presence of microsomes (lane 3),
confirming the presence of N-linked glycan chains. Immunoprecipitation with the anti-V5
antibody (lanes 4 and 5) or anti-ubiquitin antibody (lane 6) and probing with either anti-
V5 antibody (lanes 4 and 6) or anti-ubiquitin antibody (lane 5) of in vitro translated LIV-1
without microsomes confirms the association of LIV-1 with ubiquitin. (D) FACS analysis of
Schneider S2 cells expressing no recombinant protein (S2), mutant A (7 TM) or mutant G
(1 TM). Black areas indicate unpermeabilized cells, grey hollow curves indicate increase in
fluorescence when cells were permeabilized with saponin.

Schneider S2 cells. These results indicated the intracellular pre-
sence of the V5 tag in these constructs, suggesting that both the
N- and C-termini of LIV-1 are positioned extracellularly, agreeing
with the predicted topology of full-length LIV-1 in Figure 3(A).

Figure 5 Fluorescence imaging of recombinant LIV-1 in CHO cells

(A) Fluorescence microscopy of unpermeabilized fixed CHO cells transfected with the LIV-1–V5
fusion protein, probed with the anti-V5 antibody and Alexa Fluor 488 (V5), indicates the presence
of LIV-1 on the plasma membrane and lamellipodiae (arrow). DIC image of the same LIV-1–V5
expressing cells showing the plasma membrane lamellipodiae (DIC, arrow). Control-transfected
CHO cells did not show any staining when probed as above (CHO/V5). The nuclei of these same
cells were counterstained with DAPI to gauge the total number of cells present (CHO/DAPI).
(B) Fluorescence microscopy of unpermeabilized fixed CHO cells transfected with the LIV-1–V5
fusion protein, probed with both the LIV-1-specific polyclonal antibody (green) conjugated to
Alexa Fluor 488 (LIV-1/DAPI) and the anti-V5 antibody (red) conjugated to Alexa Fluor 594
(V5/DAPI) indicates a complete overlap of the staining pattern (Overlay, yellow). The cell nuclei
are counterstained blue with DAPI.

Cellular location of recombinant LIV-1 in mammalian cells

For LIV-1 to act as a zinc influx transporter, as suggested by its
similarity to ZIP transporters, it is required to reside on the plasma
membrane of cells. We therefore prepared LIV-1-transfected
cells on coverslips for fluorescent microscopy imaging by fixing
and incubating with anti-V5 antibody followed by an Alexa-488
conjugate. This established LIV-1 localization to the plasma mem-
brane in non-permeabilized cells (Figure 5A, V5), especially the
lamellipodiae, as confirmed by DIC imaging (Figure 5A, DIC and
arrows). To confirm that the V5 antibody was only staining those
cells expressing LIV-1, control-mock-transfected CHO cells
were also probed with the anti-V5 antibody followed by an
Alexa-488 conjugate (Figure 5A, CHO/V5) and did not show any
background staining. The nuclei of the cells in the same field of
view were counterstained with DAPI (Figure 5A, CHO/DAPI) as
an indication of cell number. To confirm that the V5 antibody was
detecting only those cells expressing LIV-1, LIV-1-transfected
CHO cells were probed with both the V5 antibody (Figure 5B,
V5/DAPI, red) and the polyclonal LIV-1-specific antibody
(Figure 5B, LIV-1/DAPI, green) in the same cells (Figure 5B,
overlay, yellow). The identical staining pattern obtained validates
the use of the V5 antibody to detect recombinant LIV-1.

Zinc transport

To test the hypothesis that LIV-1 was a functional member
of the ZIP transporter family, we investigated zinc uptake in
CHO cells expressing recombinant LIV-1 compared with control
cells. Cell suspensions were loaded with the fluorescent zinc indic-
ator Newport Green Diacetate, and the resulting basal cytosolic
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Figure 6 Zinc-transport ability of LIV-1 expressing cells

CHO cells transiently transfected with LIV-1, LacZ or no DNA (CHO) were loaded with Newport
Green diacetate and fluorescence read by FACS. Each figure is a representative result of at
least three experiments. (A) Black area represents basal reading; grey line represents 15 min
treatment with 25 µM zinc. (B) White bars represent basal reading, black bars represent
fluorescence after treatment with 25 µM zinc for 30 min, hatched bars represent subsequent
treatment with 25 µM TPEN for 30 min. (C) Time course over 5 min of zinc influx ability of
CHO cells expressing LIV-1 (closed squares) or CHO controls (open squares).

fluorescence of the cells was documented by FACS analysis. Con-
trol cells transfected with the LacZ gene (Figure 6A, grey area)
showed a small increase in the basal fluorescence compared with
CHO controls. This may be explained by the presence of a cytosol-
located zinc-binding polyhistidine tag on the C-terminus of the
cytosolic β-galactosidase recombinant protein. The same poly-
histidine tag on the C-terminus of recombinant LIV-1 would be
extracellular and therefore would not interfere with the intracel-
lular fluorescence. We also investigated the ability of these cells
to respond to increases in extracellular zinc by incubating them in
buffer with excess zinc (25 µM) for 15 min. This exposure to
25 µM zinc had little effect on either control CHO cells (Figure 6A,
black hollow curve) or those transfected with the LacZ gene
(Figure 6A, black hollow curve), whereas the cells expressing
LIV-1 (Figure 6A, black hollow curve) showed a dramatic
increase in intracellular fluorescence in this relatively short
time period. The ability of LIV-1 to transport zinc was also
temperature-dependent, as these experiments, when repeated
at 4 ◦C, did not show any cellular zinc accumulation (K. M.
Taylor and R. I. Nicholson, unpublished work). This observation
suggests a transporter-mediated effect rather than one caused by
binding to the cell surface. To confirm that the changes in Newport
Green fluorescence were due to changes in zinc concentration,
we treated cells sequentially with both zinc and TPEN, a zinc-
specific chelator. The fluorescence at rest for both the CHO and
LacZ control cells was lower when compared with the LIV-1-
transfected cells (Figure 6B, white bars), suggesting an ability
of LIV-1 to act as a zinc-influx transporter. After incubation for
30 min with 25 µM zinc (Figure 6B, black bars), all cells showed
an increase in fluorescence to a similar degree that was abolished
by incubation with 25 µM of TPEN (Figure 6B, hatched bars).

To test whether the increased zinc accumulation in CHO cells
transfected with LIV-1 was due to an initial zinc-influx rate rather
than a decreased zinc-efflux activity, zinc influx was measured
over a short period of time (Figure 6C). The LIV-1 expressing
cells (Figure 6C, closed squares) had an increased zinc uptake
rate (>30%) when compared with the control cells (Figure 6C,
open squares) in a time-dependent manner.

DISCUSSION

Our study on LIV-1 has enabled us to show that, first, LIV-1 is
closely related to the ZIP transporters, known as zinc-influx trans-
porters, described previously [5,8]. Secondly, LIV-1 localizes to
the plasma membrane of mammalian cells, a necessary location
to have a role in zinc influx. Thirdly, LIV-1 expression in cells
increases the zinc-uptake ability in a time- and temperature-
dependent manner. This observed zinc uptake was not related to
the endogenous zinc uptake of the cells. These results are, there-
fore, compatible with LIV-1 having the ability to transport zinc
into cells via a carrier-mediated transport process.

Our finding that LIV-1 is located on the plasma membrane
with the ability to act as a zinc-influx transporter is the first
demonstration of such ability of an LZT protein. This result agrees
with the proposed action of hZIP4, another human LZT family
member, termed as LZT-Hs5 [5], gene mutations of which have
been linked to the disease acrodermatitis enteropathica, caused
by deficiency of zinc uptake from the intestinal tract [28,29].
LIV-1 contains a motif (CPALLY, residues 259–298), upstream
of TM I, which is uniquely present in the LZT sequences of
human, mouse and monkey origin [5]. The presence of cysteine
and proline residues in this motif suggests an important conserved
tertiary structure. This view is supported by one of the hZIP4
gene mutations, which cause acrodermatitis enteropathica [28], a
cysteine to tyrosine mutation (C309T; Cys309 → Tyr) within this
motif.

The mouse sequence ermelin (Q8R518, 505 amino acids) is
virtually identical with LIV-1 and yet has been localized to the
endoplasmic reticulum [30] and not to the plasma membrane. The
recent appearance of the mouse sequence (Q8C145, AK028976)
with 765 amino acids in the GenBank suggests that the previous
ermelin sequence was lacking most of the N-terminal residues,
which may account for this location. In fact, on close inspection
of the ermelin DNA sequence (BM721841), another 228 residues
that match Q8C145 and LIV-1 can be obtained from the next
reading frame.

This result confirms both the ability of LZT sequences to
transport zinc into cells and the predicted association of this new
family with ZIP transporters. However, the occurrence of a fully
conserved metalloprotease signature motif in the LZT family sug-
gests that these proteins may have an additional cellular role. This
motif (HEXPHEXGD) is unique to LZT sequences in that it also
contains two novel residues, proline and glutamic residues
(bold), previously unprecedented in these positions in any other
metalloprotease motif [5,6]. It is noteworthy that the location
of LIV-1 on the plasma membrane and especially the lamel-
lipodiae (Figure 4) is identical with that of the membrane-type
metalloproteinases, such as MT1-MMP [31], which also share
the same HEXXH motif. MMPs cleave extracellular matrix com-
ponents and have been implicated in cancer metastasis and angio-
genesis. They exist as a proprotein before activation by proteolytic
cleavage near the N-terminal domain, at a conserved cysteine
motif, which is not present in LIV-1. However, a recognition motif
for furin-like convertases (RXKR) positioned at the end of the
propeptide domain is also a characteristic of these membrane-
type metalloproteinases [32]. LIV-1 has two such motifs near the
N-terminus (Table 1). However, we have never observed multiple
bands for a recombinant LIV-1 protein and the size obtained
(Figure 3B) is consistent with an uncleaved and fully glycosylated
protein. Some proteases and proprotein convertases, such as furin,
have been reported to be present in increased levels in cancer
tissues, increasing further with the severity of cancer [33]. We
suggest that, similar to conventional ZIP transporters, this poten-
tial metalloprotease motif is situated within TM V (Figures 2 and
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3A) and, therefore, placed within the pore, capable of forming
a metal-binding site in a manner similar to conventional ZIP
transporters [34]. This is not unprecedented as a family of metal-
loproteases with membrane-embedded catalytic centres, termed
site-2 proteases, has been discovered recently in both Bacillus
subtilis [35] and animals [36,37]. These metalloproteases have
an HEXXH motif in one TM domain which works in concert
with a second conserved motif, usually containing LDG (Leu-
Asp-Gly) and often NXXP residues in the adjacent TM domain.
Interestingly, LIV-1 has one LDG motif in TM V and two LDG
motifs (in reverse order, agreeing with the active-site motif ori-
entation of site-2 proteases) in the adjacent TM IV containing the
HEXXH motif as well as a conserved proline residue. Whether
the unique metalloprotease motif in LIV-1 has protease activity
is yet to be determined.

The low expression levels of the recombinant LIV-1 protein
have been a consistent observation, requiring concentration of
cells, immunoprecipitation and very sensitive detection methods
to visualize bands by Western blot analysis. We have concluded
that this effect may relate directly to the LIV-1 sequence itself as
other LZT sequences [5] and the LacZ gene control (Figure 4B,
lane 4) are expressed at considerably higher levels in the same
systems. It is noteworthy that the encountered problem in de-
tecting LIV-1 by Western-blot analysis is a feature shared with
other zinc transporters of the ZnT efflux type. For example, ZnT3
[38], ZnT4 [39], ZnT6 [40] and ZnT7 [41] have all been difficult to
observe at the protein level. Moreover, this apparent discrepancy
of RNA and protein levels for ZnT6 has been suggested to be due
to post-transcriptional regulation [40].

Alternatively, the observed low levels of LIV-1 may also be
explained by post-translational regulation of LIV-1, possibly by
degradative mechanisms. Consistent with this, we have shown
an association of LIV-1 with ubiquitin (Figure 4C, lanes 4–6), a
molecule responsible for targeting proteins to the 20 S proteasome
degradation pathway. This pathway is the principal mechanism
for degradation of regulatory proteins involved in several key
cellular processes, including oncogenesis, cellular differentiation
and cell-cycle control. De-regulation of this pathway can also
contribute to the development of diseases such as cancer. The
LIV-1 sequence contains many potential proteolytic degradation
sites (Table 1), most notable of which is a strong PEST sequence
present in short-lived unstable proteins [16]. PEST sequences have
been shown to control the ubiquitination of regulatory short-lived
proteins such as transactivator Gcn4 [42]. The potential ubiquitin
degradation signal, present in LIV-1, is remarkably similar to that
present in Gcn4 [43], where it is responsible for a protein half-life
of 5 min. There are also numerous arginine (RR) or lysine (KK)
pairs, which can act as further signals for proteolysis [44],
throughout the LIV-1 sequence (Table 1). All these results to-
gether suggest that LIV-1 may be targeted to degradation by
proteolysis using the ubiquitin pathway. Interestingly, the ZIP
transporter Zrt1 has been shown to be ubiquitinated in cells by
interaction with lysine residue, Lys195, on the long cytosolic loop
between TMs III and IV [45]. It is noteworthy that LIV-1 contains
15 lysine residues on this same section of sequence, which may
be indicative of similar handling in cells. It will be useful to
investigate the expression of LIV-1 in the presence of inhibitors of
these pathways to confirm this hypothesis and potentially increase
production of LIV-1.

This is the first report of LIV-1 mRNA expression in dif-
ferent tissue types, including brain. However, the most elevated
expression was observed in the placenta, mammary gland and
prostate, which are all regulated by sex steroid hormones. Note-
worthy is that two cancer-related samples on the multiple-tissue
array (Figure 1), namely HeLa cells (B10) and lung carcinoma

(H10), are both highly positive for LIV-1. It is equally noteworthy
that expression of LIV-1 is low in the gastrointestinal tract, where
hZIP4, an LZT family member, predominates [28,29], suggesting
tissue specificity of the LZT proteins. This result, in combination
with our previous observation of increased LIV-1 expression in
breast cancer cells with metastatic ability [3] suggests a role for
LIV-1 in breast cancer progression. LIV-1 is not the only human
ZIP transporter that has been shown to be regulated by hormones
as hZIP1, and is expressed in the malignant prostate cancer cell
lines, LN-CaP and PC-3, in a hormone-dependent manner [46].
This is the first report linking functional ZIP transporters with
cancer progression. Whether LIV-1 is unique among the LZT
subfamily in this respect has not yet been addressed.

In conclusion, the demonstration that LIV-1 can act as a zinc-
influx transporter confirms its inclusion in the LZT subfamily of
ZIP transporters and their ability to act as zinc-influx transporters.
Localization of LIV-1 on the plasma membrane lamellipodiae,
where the membrane-type metalloproteases are also positioned,
and the indication that LIV-1 is a target for ubiquitin-dependent
degradation, combined with the previously reported association
of LIV-1 with metastatic breast cancer is an exciting result which
requires further investigation to pinpoint the exact role of LIV-1
in cancer progression.

We thank Chris Green (Liverpool University, Liverpool, U.K.) for the gift of the Bluescript
plasmid containing LIV-1 cDNA sequence and the Tenovus Cancer Charity for funding.
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