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INTRODUCTION TO THE LIV-1 FAMILY
OF ZINC TRANSPORTERS

Zinc Transporter Families
Zinc is an essential ion in cells; with-

out it cells cannot sustain life. Zinc is
a cofactor for more than 300 enzymes,
representing more than 50 different en-
zyme classes, and is essential for cell
growth (1). Zinc is involved in protein,
nucleic acid, carbohydrate, and lipid
metabolism, as well as in the control of
gene transcription, differentiation, de-
velopment, and growth (2). Zinc defi-
ciency can be detrimental, causing
stunted growth and serious metabolic
disorders (3), while excess zinc can be

toxic to cells (4). Cellular levels of zinc
are tightly regulated by specific zinc
transporter proteins, of which there are
two known families. These two fami-
lies have opposing action on zinc
transport. The ZnT family (SLC30A)
(previously termed CDF for cation dif-
fusion facilitator) of zinc transporters
(5) transport zinc out of cells or into
intracellular compartments from the
cytoplasm, whereas the ZIP family (for
Zrt-, Irt-like Proteins) (SLC39A) of zinc
transporters (6) transport zinc into the
cell cytoplasm from either outside the
cell or from intracellular compart-
ments. Although these two families are
termed zinc transporters, evidence

shows that some members are able to
transport other divalent cations such
as iron, cadmium, copper, and man-
ganese as well as zinc. The exact mo-
lecular mechanism for such transport
is still unknown, however. The ZnT
family contains nine human sequences,
and the ZIP family contains 14 human
sequences (7). Increasing evidence
implicates various members of the
SLC39A family of ZIP transporters in
disease states and suggests that aber-
rant expression of zinc transporters
leads to uncontrolled growth such that
occurring in cancer. Thus any mole-
cules controlling cellular zinc levels
are worthy of investigation.

The LIV-1 Family of ZIP Transporters
More than 100 SLC39A sequences have

been identified, originating from more
than 12 species (7,8). The 14 human
members of the SLC39A family have
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been divided into four separate groups
(Figure 1A), nine of which are in the LIV-1
subfamily (7). Importantly, the LIV-1 sub-
family is a highly conserved group of
eight transmembrane domain proteins
that are mainly situated on the plasma
membrane and transport zinc into cells.
At least one SLC39A sequence, however,
member HKE4 (SLC39A7/ZIP7), exists
on intracellular membranes and trans-
ports zinc into the cytosol (9). All of the
SLC39A LIV-1 family members contain
the consensus sequence present in other
ZIP transporters, located in the region
of transmembrane domains IV and V,
and a histidine-rich motif (of the form
HXHXH, where H is histidine and X is
any amino acid) thought to be important
in zinc transport, located on the long in-
tracellular loop between TM III and IV,
immediately preceding TM IV (10). The

LIV-1 family sequences also contain a
highly conserved potential metallopro-
tease motif, which closely resembles the
active site motif of matrix metallopro-
teases and is situated in transmembrane
domain V (Figure 1B), and considerably
increased histidine residues on the N-
terminus and extracellular loop between
TM II and III (7). For example, ZIP10 has
49 histidines in the extracellular N-termi-
nus, nine on the first extracellular loop
between TM II and III and 20 on the in-
tracellular loop between TM III and IV.
Interestingly, two of the LIV-1 family se-
quences, ZIP14 and BIGM103/ZIP8,
have the initial H of the HEXXH motif
in TM V replaced with an E, which may
suggest an ability to transport ions other
than zinc. Furthermore, ZIP8 has been
demonstrated to transport cadmium in
the testis (11), and ZIP14 mediates

non–transferrin-bound iron uptake into
hepatocytes (12).

The Properties of the LIV-1 Family of
ZIP Transporters

Current information about the various
members of the LIV-1 subfamily, includ-
ing clarification of the names of each
sequence, is documented in Table 1.
Most sequences have widespread tissue
distribution, as judged by the EST se-
quences in the GenBank, whereas ZIP4,
ZIP5, and ZIP12 appear to be more tis-
sue specific. Most of the LIV-1 family
proteins reside on the plasma mem-
brane of cells, a characteristic consistent
with a role as a zinc influx transporter.
This role has been demonstrated for
ZIP4 (13), ZIP5 (14), LIV-1 (15), and
ZIP14 (16,17), but not for HKE4, which
has been observed on the endoplasmic

Figure 1. Phylogenetic tree and alignment of the human members of the ZIP superfamily of zinc transporters. (A) This phylogenetic tree
was drawn using ClustalW and treeview software. (B) This alignment demonstrating the highly conserved motif in TM V for the LIV-1 family
was performed using ClustalW and shaded using Boxshade software. Black shading represents at least 50% identity, gray shading repre-
sents at least 50% complementary residues. (C) This alignment demonstrating the CPALLY motif directly upstream of TM I was performed
using ClustalW and shaded using Boxshade software. Black shading represents at least 50% identity, gray shading represents at least 50%
complementary residues.
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reticulum (9) and golgi (18) membranes,
or BIGM103/ZIP8, which has been ob-
served on intracellular vesicles such as
lysosomes and endosomes (19).

Because of membrane topology, loca-
tion on intracellular membranes is pre-
sumed to enable ion transport from in-
tracellular compartments to the
cytoplasm. However, the yeast equiva-
lent of HKE4, Yke4p, has recently been
shown to balance the zinc level between
the cytosol and the secretory pathway
by transporting zinc in either direction
across membranes, depending on the
zinc status of the cells (20). This observa-
tion is interesting and may explain the
presence in the LIV-1 family sequences
of additional histidine-rich regions posi-
tioned on the side of the membrane op-
posing that of the other ZIP transporters.

We have previously observed a con-
served motif, which we termed
CPALLY, immediately preceding the
first TM domain (Figure 1C). This motif
does not occur in HKE4, which is not
present on the plasma membrane, or
ZIP13, which is grouped with ZIP7 in
the phylogenetic tree and thus may also
reside on intracellular membranes. This
CPALLY motif contains three conserved
cysteines, which usually form disulfide
bonds with other cysteine residues. Fur-
thermore, all of the human LIV-1 family
members, except HKE4 and ZIP13, have
a conserved cysteine immediately pre-
ceding their HEXXH motif in TM V.
This motif may be involved in binding
to this additional cysteine, thus closing
the pore and regulating the movement
of zinc across the membrane.

Normal Tissue Expression of LIV-1
Family Members

The normal tissue expression of the dif-
ferent members of the LIV-1 family
shows considerable variation, which may
indicate their diverse roles in different tis-
sues (Table 1). ZIP4 is present in the in-
testine and kidney (21), particularly the
duodenum and jejunum, which are cru-
cial sites of zinc absorption. ZIP5 is ex-
pressed in kidney, liver, pancreas, and in-
testine, particularly the basolateral
membrane of the adult and developing
mouse intestine (22). LIV-1 has wide-
spread distribution but is not appreciably
present in heart and intestine and is pri-
marily increased in hormonally con-
trolled tissues (15). HKE4 (9), ZIP14 (17),
and ZIP13 are ubiquitously expressed,
appearing in many tissues. ZIP12 is ex-

Table 1. Nomenclature and Known Function of LIV-1 Family Members.

Human 
gene Protein Other Cell Tissue Transport Disease Chrom- Accession 
name name names location distribution function link osome number

SLC39A4 ZIP4 LZT-Hs5 PM Small intestine, Zinc uptake Acrodermatitis 8q24.3 NM_017767
stomach, enteropathica 
colon, (35-37)
cecum, 
kidney

SLC39A5 ZIP5 LZT-Hs7 Basolateral Kidney, liver, Zinc removal 12q13.13 NM_173596
surface spleen, 
of colon, 
polarized stomach, 
cells pancreas

SLC39A6 LIV-1, LZT-Hs3 PM Widespread Zinc influx Breast cancer  18q12.1 NM_012319
ZIP6 (21-22),

SLC39A7 HKE4, LZT-Hs1 ER and widespread Zinc and Tamoxifen 6p21.3 NM_006979
ZIP7 Golgi manganese resistance in 

bidirectional? breast cancer 
(20)

SLC39A8 BIGM103, LZT-Hs6 Vesicles Widespread Cadmium influx Faslodex resistance 4q22-q24 NM_022154
ZIP8 (11), Zinc influx in breast 

cancer
SLC39A10 ZIP10 LZT-Hs2 PM Widespread Zinc influx 2q33.1 NM_020342
SLC39A12 ZIP12 LZT-Hs8 Brain, lung, Asthma (32) 10p12.33 NM_152725

testis, retina
SLC39A13 ZIP13 LZT-Hs9 Widespread 11p11.12 NM_152264
SLC39A14 ZIP14 LZT-Hs4 PM Widespread Zinc influx, non- Asthma (32), 8p21.2 NM_015359

transferrin- inflammation 
bound iron mediated by 
uptake (12) IL-6 (31)

PM, plasma membrane.
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pressed in brain, lung, testis, and retina,
and ZIP10 is predominantly expressed in
brain and spinal cord (data obtained from
expression array in the HUGO database).

The LIV-1 Family of ZIP Transporters
and Disease States

The first member of the LIV-1 family
to be linked to disease was LIV-1 itself,
which was shown to be estrogen regu-
lated and present in increased amounts
in estrogen-receptor–positive breast can-
cers that spread to the lymph nodes
(23,24). More recently, this association of
LIV-1 with estrogen receptors has been
substantiated by larger scale analysis of
breast cancer specimens. These studies
have shown that LIV-1 is such a reliable
marker of estrogen-receptor–positive
cancers (25,26) that it is one of the genes
used routinely to distinguish the luminal
A type of clinical breast cancer (27,28).
Furthermore, in zebrafish embryos, LIV-1
was shown to be the downstream target
of the transcription factor STAT3, which
has a proven role in the development of
cancer (29). This work also found that
LIV-1 was essential for the nuclear local-
ization of the transcription factor Snail,
which plays a major role in the epithe-
lial-to-mesenchymal switch because of its
ability to down regulate the expression
of genes associated with cell adhesion.
This finding suggests that LIV-1 could
form a link between cancer and normal
development (30) and raises the question
of whether any other LIV-1 family mem-
bers have a similar role. Interestingly, the
expression of two other LIV-1 family se-
quences, ZIP4 and ZIP5, has been ob-
served in the developing mouse intestine
(22) and the Drosophila LIV-1 family
member called fear of intimacy (FOI)
has been shown to be essential for gonad
development (31). Another LIV-1 family
member, ZIP14, is substantially increased
during the zinc-dependant differentia-
tion of adipocytes (16) and is regulated
by IL-6, a mechanism that requires
STAT3 signaling (32).

Additionally, the LIV-1 family of zinc
transporters has been implicated in
other disease states. For example, in-

creases in expression of the zinc trans-
porters LIV-1, ZIP12, and ZIP14 have
been observed during acute inflamma-
tion in the airway and asthma and have
been suggested to promote an increase
in zinc uptake, which can reduce inflam-
mation (33). The zinc content in brains of
individuals with schizophrenia is lower
than that of individuals with other cere-
bral diseases (34), and a role for the
ZIP12 gene has been demonstrated by
observation of mutations in ZIP12 in a
small group of schizophrenic patients.
Significantly, brain zinc content was
maintained in rats fed a zinc-deficient
diet by a compensatory rise in LIV-1 ex-
pression in the brain (35). The ZIP4 gene
has been demonstrated to be mutated in
the zinc deficiency disorder acrodermati-
tis enteropathica (21,36), and the ob-
served mutations were shown to disrupt
the molecule in areas thought important
for zinc transport (37).

INVESTIGATION OF THE LIV-1 FAMILY
OF ZIP TRANSPORTERS IN BREAST
CANCER.

The increase of scientific literature im-
plicating ZIP transporters in a variety of
diseases has led to our recent investigation
of the relevance of the expression of the
nine family members of the LIV-1 family
of ZIP transporters in breast cancer. Be-
cause LIV-1 itself is known to be regulated
by estrogen, we initially investigated the
response of these nine LIV-1 family mem-
bers to short-term treatment with estrogen
and antiestrogens. We then followed up
with investigation of these nine LIV-1 fam-
ily members in our cell-line models of
longer-term treatment, which have devel-
oped resistance to antiestrogens, as well
as expression in breast cancer samples.
These results are detailed below.

In addition, we transiently trans-
fected MCF-7 cells with constructs
for three LIV-1 family members with a

Figure 2. Cellular location of three human LIV-1 family members in MCF-7 cells. MCF-7
cells expressing recombinant HKE4, LIV-1, or ZIP14 were imaged using a mouse anti-V5
antibody (Invitrogen) conjugated to Alexa Fluor 488 (green) and assembled onto slides
using Vectorshield with DAPI (Vector Laboratories). All cells were incubated with Texas red
phalloidin to stain F-Actin filaments red. Coverslips were viewed on a Leica RPE auto-
matic microscope using a 63x oil immersion lens. The fluorescent superimposed images
were acquired using a multiple bandpass filter set appropriate for DAPI, fluorescein, and
Texas Red as well as bright field for differential interference contrast imaging.
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C-terminal V5 tag to confirm the same
cellular location as previously observed
in Chinese hamster ovary cells (9,15,16).
Figure 2 shows plasma membrane
staining for both LIV-1 and ZIP14
(green) in unpermeabilized MCF-7 cells
as determined by colocalization with 
F-actin filaments (red) and association
with the outside of the cell, observed by

DIC imaging. In contrast, HKE4 stains
intracellular compartments in perme-
abilized MCF-7 cells, such as the endo-
plasmic reticulum (green), as evidenced
by perinuclear staining and an equal
meshlike appearance throughout the
cell interior, yet clearly does not reach
the cell extremities, which were stained
by F-actin (red).

The Response of the LIV-1 Family of
ZIP Transporters to Antiestrogens

Because of the similarity between the
sequences of the nine LIV-1 family mem-
bers, we investigated whether any of the
other LIV-1 family members were also
estrogen-regulated and/or expressed in
breast cancer cells. To achieve this we
compared the RNA expression of all
nine members of the LIV-1 family of ZIP
transporters in the estrogen-receptor–
positive MCF-7 breast cancer cell line
that had been exposed to estrogen, the
partial antiestrogen tamoxifen ,or the
pure antiestrogen fulvestrant for 10 days.
Cells were harvested, RNA was pre-
pared, RT-PCR was performed, and
DNA for individual genes was amplified
by PCR in the presence of actin, to allow
normalization of the results (Figure 3). To
verify the profile of the samples, we first
investigated the expression of the estro-
gen-regulated gene pS2, which was char-
acterized by elevation in response to es-
trogen, little response to tamoxifen, and
reduced expression in response to fulves-
trant (see Figure 3A). We observed differ-
ential expression of all nine LIV-1 family
members, both in the amount of RNA
present and in the response to different
treatments (see Figure 3B). We show rep-
resentative gels of the three LIV-1 family
members with the largest response (see
Figure 3A). ZIP4 was undetectable in all
samples, a finding that may reflect its
known expression in the intestine and
kidney (21). The levels of ZIP5, 10, 12,
and 13 did not change across the treat-
ments, and all were expressed at rela-
tively low levels, at which ZIP5, ZIP10,
and ZIP12 required an increased number
of PCR cycles compared with the other
LIV-1 family members. LIV-1 and ZIP14
appeared to be estrogen regulated, show-
ing an increased response to estrogen
and reduced response to tamoxifen or
fulvestrant, which was statistically sig-
nificant (see Figure 3). Although HKE4
was also significantly increased in re-
sponse to estrogen treatment, it was also
increased, to a lesser extent, in response
to both tamoxifen and fulvestrant. ZIP8
showed a slight decrease in response to

Figure 3. Comparison of the effect of antihormones on the RNA expression of the nine
human LIV-1 family members. MCF-7 cells were treated with 4-hydroxytamoxifen (TAM),
fulvestrant (FAS), or oestradiol (E2) for seven days in serum growth factor–free DCCM
medium before total RNA was extracted, reverse transcribed to cDNA, and PCR per-
formed for individual ZIPs. All data were normalized to individual β-actin levels. The
upper panel shows representative agarose gels of pS2, LIV-1, HKE4, and ZIP8 in MCF-7
treated with oestradiol (lane 1), untreated (lane 2), treated with Tamoxifen (lane 3), or
treated with Fulvestrant (lane 4). M represents size markers. Lower panel shows mean ±
SEM densitometric values of 8 genes, comparing their expression levels in MCF-7 cells
untreated (CON), or treated with oestradiol (E2), Tamoxifen (TAM), or Fulvestrant (FAS).
Statistically significant results are indicated with asterisks, and the relevant P value is
given. ZIP4 was undetectable.
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estrogen, which was not significant pre-
sumably due to the large error bars.

The observed changes in the SLC39A-
family mRNA levels reported here are an-
ticipated to be reflected in the production
of the individual proteins, but this possi-
bility has not been examined across the
SLC39A family because of the absence of
available antibodies. However, recent re-
sults in our laboratory with two new anti-
bodies to endogenous LIV-1 and HKE4
suggest that this relationship exists, be-

cause both LIV-1 and HKE4 proteins were
increased by estrogen treatment, and LIV-1
was decreased with both tamoxifen and
faslodex treatments whereas HKE4 was
unchanged, mirroring the results that we
observed at the mRNA level.

The LIV-1 Family of ZIP Transporters in
Antiestrogen Resistance

Although estrogen-receptor–positive
breast cancers are routinely treated clini-
cally with antihormones such as tamox-

ifen or fulvestrant, with time the tumors
develop resistance to these agents, lead-
ing to subsequent regrowth, usually
with an altered and more aggressive
phenotype (38). To better understand
the mechanisms underlying the occur-
rence of resistance, we have developed a
unique panel of antiestrogen responsive
and resistant cell lines derived from the
estrogen-receptor–positive human breast
cancer cell line MCF-7 (39,40). We have
investigated the expression of all nine
human LIV-1 family members in both
our tamoxifen (TamR)- and fulvestrant
(FasR)-resistant cell lines and compared
them to the wild-type MCF-7 cells 
(Figure 4) in an effort to examine any
potential role that individual LIV-1 fam-
ily members may play in the develop-
ment of antihormone-resistant breast
cancer. These antihormone-resistant cell
lines are able to grow in the presence of
antiestrogens by efficiently utilizing
signaling pathways such as epidermal
growth factor receptor (EGFR) (39,40),
Src (41), Insulin-like growth factor recep-
tor 1 (IGF1-R) (42), and c-Met (43),
which allows them to exhibit a more
aggressive phenotype (44). Cells were
harvested, RNA prepared, RT-PCR per-
formed, and DNA for individual genes
was amplified by PCR in the presence of
actin, to allow normalization of the re-
sults. The cell samples were first charac-
terized for pS2 levels, and showed the
expected decrease in the FasR cells (45).
Representative gels are given for the
three LIV-1 family members that ap-
peared most altered, LIV-1, HKE4, and
ZIP8. ZIP4 levels were again undetect-
able, and the levels of ZIP5, ZIP10,
ZIP12, and ZIP13 were relatively low,
with ZIP5, ZIP10, and ZIP12 again re-
quiring an increased number of PCR cy-
cles. Levels of ZIP5, ZIP12, and ZIP13
did not change, and the levels of LIV-1,
ZIP12, and ZIP13 were either unchanged
or reduced in the resistant cell lines.
ZIP14, although present in low amounts,
was increased in the resistant cells, and
ZIP10 was decreased in TamR cells.
Only HKE4 and ZIP8 produced statisti-
cally significant changes, with HKE4

Figure 4. Comparison of RNA expression of the nine human LIV-1 family members in anti-
hormone-resistant MCF-7 cells. The expression of different ZIPs in tamoxifen (TamR)- and ful-
vestrant (FasR)-resistant MCF-7 cells was compared with wild-type MCF-7 cells. RNA was
extracted and reverse transcribed to cDNA. The upper panel shows representative gels of
pS2, LIV-1, HKE4, and ZIP8 in MCF-7 (lane 1), TamR (lane 2) and FasR (lane 3) cell lines. M
represents size markers. Lower panel shows mean ± SEM densitometric values of 8 genes
comparing their expression levels in MCF-7, TamR, and FasR cells. Statistically significant re-
sults are indicated with asterisks, and the relevant P value is given. ZIP4 was undetectable.
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elevated in both resistant states, whereas
ZIP8 was considerably elevated in FasR
cells. These results suggest that a number
of LIV-1 family members (ZIP4, ZIP5,
LIV-1, ZIP10, ZIP12, and ZIP13) appear
unaltered or decreased by the acquisi-

tion of endocrine resistance. However,
both HKE4 and ZIP8 were elevated in
one or both antihormone-resistant cell
lines, suggesting a possible role in the
development of resistance. These results
are summarized in Table 2.

We have previously demonstrated that
our TamR cells have increased intracellu-
lar zinc levels (46; Taylor et al, unpub-
lished results), increased EGFR (39), Src
(41), and IGF1-R (42) signaling as well as
increased growth and invasion (41). In-
terestingly, treatment of these cells with
20 μM zinc can activate EGFR, Src, and
IGF1-R signaling as well as growth and
invasion (46; Taylor et al, unpublished
results). Furthermore, we have demon-
strated a role for HKE4 in the develop-
ment of the aggressive phenotype in
TamR cells by using siRNA for HKE4
which prevented the observed zinc-in-
duced activation of signaling pathways
(Taylor et al, unpublished results).
Whether ZIP8 has a similar role in the
FasR cells needs to be investigated. We
have, however, not examined whether
these transporters have the ability to
transport metals other than zinc or
whether these pathways can be stimu-
lated by other metals.

LIV-1 FAMILY OF ZIP TRANSPORTERS IN
BREAST CANCER SAMPLES

LIV-1 is an estrogen-regulated gene
that has been implicated in estrogen-re-
ceptor–positive breast cancer and the sub-
sequent spread to the regional lymph
nodes (23–26), and more recently it has
been used as a reliable marker of luminal
A type clinical breast cancer (27,28). We
therefore investigated whether any other
LIV-1 family members also had a positive
association with breast cancer. For this
analysis we used a series of tumor sam-
ples from 74 patients presenting with pri-
mary breast cancer to the Breast Cancer
Unit, City Hospital, Nottingham, between
1987 and 1989. For sample analysis we
used the same PCR conditions described
in Figure 3. The expression of three LIV-1
family members, ZIP4, ZIP12, and ZIP13,
was undetectable in these samples, and
examples of the expression levels of the
remaining six LIV-1 family members are
documented in Figure 5 for 10 patients.
The graph depicting the variation of each
LIV-1 family member with increasing pa-
tient number (see Figure 5) demonstrates
that LIV-1 and ZIP5 show the most heter-

Table 2. Summary of LIV-1 Family Expression Response to Treatments or Antihormone
Resistance

Cells ZIP4 ZIP5 LIV-1 HKE4 ZIP8 ZIP10 ZIP12 ZIP13 ZIP14

MCF-7 + E2 ND —- Up Up Down —- —- —- Up
MCF-7 + TAM ND —- —- —- —- —- —- —- Down
MCF-7 + FAS ND —- Down —- —- —- —- —- Down
Tamoxifen-resistant cells ND —- —- Up —- —- —- —- —-
Fulvestrant-resistant cells ND —- —- Up Up —- —- —- —-

ND, not determined; —-, no change.

Figure 5. Comparison of the expression of LIV-1 family members in a series of samples
from breast cancer patients. (A) representative results from 10 patient tumor samples am-
plified with gene specific primers for ZIP5, HKE4, ZIP10, LIV-1, ZIP8, ZIP14, and β-actin. (B)
distribution of the densitometric values for ZIP5, HKE4, ZIP10, LIV-1, ZIP8, and ZIP14 in the
patient samples, with no correction for the number of PCR cycles.
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ogeneity, with samples varying from low
to medium and high values. However, it
is noteworthy that ZIP5 required an in-
creased number of PCR cycles, suggesting
low levels in the breast cancer samples.
In contrast, the distribution of HKE4,
ZIP8, ZIP10, and ZIP14 across the sam-
ples showed little variation.

Comparative analysis of densitometric
data was performed using the SPSS (ver-
sion 10) statistical analysis package using
either a two-sided Mann-Whitney U test
with the previously described cut off val-
ues or a Spearman rank correlation test
where indicated (Table 3). Statistical sig-
nificance was assumed if P < 0.05 and is
shown for a number of common indica-
tors of breast cancer progression and
grade. LIV-1 has previously been identi-
fied as an estrogen-regulated gene and a
prognostic marker of endocrine response
(23,24). Here we confirm this association
(P < 0.001, Figure 6A) as well as an in-
verse relationship to EGFR (P < 0.001,
Figure 6B) and a positive association
with two other erbB receptor tyrosine ki-
nase members, erbB3 (P = .001, r = 0.414)
and erbB4 (P = .028), and another growth
factor receptor, IGF1-R (P = .02). No
other LIV-1 family member exhibits the
same profile as LIV-1; however, ZIP5
(P = .009, see Figure 6A) and ZIP10 
(P = .033) both show a positive associa-
tion with estrogen receptor (ER), although
the distribution of ZIP10 in Figure 5B
suggests that ZIP10 may be of less clini-
cal relevance. No other LIV-1 family

member has an association with EGFR or
ErbB4; however, HKE4 (P = .001) and
ZIP10 (P < 0.001) both show a positive
association with ErbB3. ZIP8 behaves
differently from other LIV-1 family mem-
bers and shows a negative association
with both ER (P = .04) and ErbB2 (P =
.027). This negative association with ER
was also suggested in response of MCF-7
cells to estrogen treatment (see Figure 3)
but was not statistically significant. These
results together suggest that the different
LIV-1 family members may transport
zinc, but their activation may be regu-
lated differently, allowing them variation
of function in different cell types.

Recently, LIV-1 has been shown to be
the downstream target of STAT3 in ze-
brafish embryos (29), and ZIP14 is regu-
lated by IL-6 (32), a mechanism that uses
STAT3 signaling. We have observed a
positive correlation in these breast can-
cer samples between STAT3 and LIV-1 
(P = .007), ZIP14 (P = .004), HKE4 (P =
.031), and ZIP10 (P = .001). This observa-
tion is interesting, especially because the
level of STAT3 has been well docu-
mented to be associated with breast
cancer progression (47).

We next investigated the association of
LIV-1 family members with histological
grade. LIV-1 was the only family mem-
ber associated with grade and was
highly expressed in low histological
grade tumors (P = .007, see Figure 6C).
The only other observed relationship be-
tween any other LIV-1 family members

was a positive association of HKE4 with
the well-known proliferation marker
Ki67 (P = .026) and those cancers with
increased lymph node involvement (P =
.036). Although this patient group was
small, this latter result was an interesting
observation which had previously been
documented for LIV-1 (23) and may sup-
port a role of HKE4 in proliferating and
metastatic tumors.

It appears from this small patient series
that LIV-1 is the LIV-1 family member
most associated with endocrine response
in breast cancer, although HKE4 does have
some association with factors suggestive
of aggressive behavior such as increased
proliferation and lymph node involve-
ment. However, ZIP5 and ZIP10 also ap-
pear to be regulated by estrogen within
the breast cancer samples, but due to their
apparent low levels of expression may not
have any useful clinical relevance. Some
LIV-1 family members show an associa-
tion with members of the erbB growth
factor family as well as STAT3, an associa-
tion that may be suggestive of their mech-
anism of action. Clearly, ZIP5 and ZIP8
are not regulated in the same way. The ob-
served diversity of expression within this
LIV-1 family may be indicative of the dif-
ferent role that each molecule has in a va-
riety of different tissues. Zinc has a vital
role in cellular processes, and deregulated
expression of zinc transporters could have
dramatic consequences in the regulation of
zinc, which in its turn could be pivotal in
the initiation or progression of breast can-
cer. Investigations to decipher such actions
and assess zinc transporters as novel ther-
apeutic targets are currently underway.
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APPENDIX

Materials and Methods
Cell culture. MCF-7 cells were grown

in the presence of 4-hydroxytamoxifen
(10-7 M), fulvestrant (10-7 M), or estradiol
(10-9M) for seven days in serum growth-

Table 3. Statistical Analysis of LIV-1 Family Members with Indicators of Breast Cancer
Progression

ZIP5 LIV-1 HKE4 ZIP8 ZIP10 ZIP14

ER 0.009 (+) < 0.001 (+) NS 0.04 (-) 0.033 (+) NS
EGFR NS < 0.001 (–) NS NS NS NS
ErbB2a NS NS NS 0.027 (–) NS NS
ErbB3a NS < 0.001 (+) 0.001 (+) NS < 0.001 (+) NS
ErbB4 NS 0.028 (+) NS NS NS NS
IGF1-R NS 0.02 (+) NS NS NS NS
STAT3a NS 0.007(+) 0.031(+) NS < 0.001(+) 0.004 (+)
Ki 67 NS NS 0.026 (+) NS NS NS
Grade NS 0.007 (–) NS NS NS NS

Comparative analysis of densitometric data assumed statistical significance was assumed
if P < 0.05. NS, not significant. aSpearman’s correlation test.
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factor–free DCCM medium [Biosynergy
(Europe), Cambridge, UK]. The produc-
tion of TamR- and FasR-resistant MCF-7
cells has been described previously (40).
The two antiestrogen-resistant cell lines
were grown for four days before being
transferred into phenol-red/steroid-free,
serum growth-factor–free DCCM me-
dium for 24 h prior to harvest.

RNA extraction and RT-PCR. Total
RNA was extracted and reverse tran-
scribed to cDNA using random hexamers
as previously described (48). The follow-
ing PCR primers (MWG Biotech) were
used to detect the ZIP genes: ZIP4 5′-
CCCATCACCA TGGCGTCCCTGG-3′
5′-GGTGCC CTCG GGGTTGCTGA GG-3′
330 bp, ZIP5 5′- GGGTGACCTG GAA
GAGTCAA –3′ 5′- CAGCAA GGGC 
CGTAGTAGAC-3′ 388 bp, LIV-1 5′-GTC

TAACAG C TCTAGGAGGC-3′ 5′-
CACCAATTGC TAGGCCATCG-3′ 576bp,
HKE4 5′-ATC GCTCTCT ACTTCAGATC
-3′ 5′-CTCTTCTGAA CCCCTC TTG-3′
392 bp, ZIP8 5′-CCCATCACCA
TGGCCCCGGG TCGCGCG-3′ 5′-
GGGTGAAAGT TCAATT GCTG TAA-3′
335 bp, ZIP10 5′-TTGGCAGTTC AA-
GAGG GAAAG-3′ 5′-CGA TTATGCT
CATACTGT-3′ 451 bp, ZIP12 5′-
AAACTTGCCT TCCCCAGACT-3′
5′- TGAGTGAGAG GCCCTTCTGT-3′
297 bp, ZIP13 5′-CCCATCACCA TGG
CGGGCCC AAG-3′ 5′-GGGAATGACA
AGCAACGGGA A-3′ 242 bp, ZIP14 
5′-TGCTTGGCTT ATGGAGAACC-3′
5′-GAGATGACGG TCA CACAGAGG-3′
425 bp, β-Actin (NM_001101) 5′-
GGAGCAATGA TCTTGATC TT-3′ 5′-
CCTTCC TGGG CATGGAGTCCT-3′.

PCR parameters were optimized accord-
ingly from the previously described pro-
tocol (48) using 29 cycles for ZIP4, LIV-1,
HKE4, ZIP8, ZIP13, and ZIP14; 31 cycles
for ZIP10 and ZIP12; and 33 cycles for
ZIP5. All data were normalized with re-
spect to individual β-actin levels and sta-
tistical analysis (one-way ANOVA with
post hoc Dunnett test) was performed.

Fluorescent microscopy. Recombinant
proteins for LIV-1 (15), HKE4 (9), and
ZIP14 (17) were engineered in vector
pcDNA3.1/V5-His-TOPO to provide a
C-terminal V5 tag as previously de-
scribed. MCF-7 cells were seeded on
coverslips for 24 h before transfection
with lipofectamine 2000 as described
previously (15), and after 16–24 h were
prepared for fluorescence microscopy by
fixing with 4% formaldehyde, permeabi-
lizing with 0.4% saponin if required, and
blocking with 10% normal goat serum
before incubating with a mouse anti-V5
antibody (1/2000, Invitrogen) conjugated
to Alexa Fluor (1/2000) 594 (red) or 488
(green), and then assembled onto slides
using Vectorshield with DAPI (Vector
Laboratories). All coverslips were viewed
on a Leica RPE automatic microscope
using a 63x oil immersion lens. The
fluorescent superimposed images were
acquired using a multiple bandpass fil-
ter set appropriate for DAPI, fluorescein,
and Texas Red as well as bright field for
differential interference contrast (DIC)
imaging.

Tumor samples. Tumor samples were
from 74 patients presenting with primary
breast cancer to the Breast Cancer Unit,
City Hospital, Nottingham, between 1987
and 1989. The samples were snap frozen
in liquid nitrogen and stored at –70°C.
Clinical and pathological data was pro-
vided, and that which was used in the
study is presented in Table 2. Total RNA
was extracted from each breast tumor
sample as previously described (48).
RNA was extracted and reverse tran-
scribed to cDNA as described above.

Statistical analysis. Comparative anal-
ysis of densitometric data from the breast
cancer samples was performed using the
SPSS (version 10) statistical analysis

Figure 6. Comparison of the expression of LIV-1 and/or ZIP5 with ER, EGFR and grade in a
series of breast cancer samples. (A) shows the positive correlation of both LIV-1 and ZIP5
with estrogen receptor (ER). (B) shows the reverse relationship of LIV-1 with EGFR. (C)
shows the decreasing levels of LIV-1 with worsening grade.
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package using either a two-sided Mann-
Whitney U test or a Spearman rank cor-
relation test with the previously de-
scribed cutoff values. Statistical
significance was assumed if P < 0.05.
Immunocytochemical assays for ER,
EGFR, and Ki67 were performed as pre-
viously reported and the positivity cut-
off points used for statistical analysis
(49–51). The levels of other growth fac-
tors were determined by RT-PCR and
quantified as described previously (52).
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