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Recently, we discovered a cDNA in teleost ovarian follicle cells belonging to the zinc transporter

ZIP9 subfamily (SLC39A9) encoding a protein with characteristics of a membrane androgen recep-

tor (mAR). Here, we demonstrate that human ZIP9 expressed in MDA-MB-468 breast cancer cells

and stably overexpressed in human prostate cancer PC-3 cells (PC-3-ZIP9) also displays the ligand

binding and signaling characteristics of a specific, high-affinity mAR. Testosterone treatment of

MDA-MB-468 and PC-3-ZIP9 cells caused activation of G proteins and second messenger pathways

as well as increases in intracellular free zinc concentrations that were accompanied by induction

of apoptosis. [1,2,6,7-3H]-testosterone binding and these responses were abrogated in MDA-MB-

468 cells after ZIP9 small interfering RNA (siRNA) treatment and absent in PC-3 cells transfected

with empty vector, confirming that ZIP9 functions as an mAR. Testosterone treatment caused

up-regulation of proapoptotic genes Bax (Bcl-2-associated X protein), p53 (tumor protein p53), and

JNK (c-Jun N-terminal kinases) in both cell lines and increased expression of Bax, Caspase 3, and

cytochrome C proteins. Treatment with a zinc chelator or a MAPK inhibitor blocked testosterone-

induced increases in Bax, p53, and JNK mRNA expression. The results suggest that both androgen

signaling and zinc transporter functions of ZIP9 mediate testosterone promotion of apoptosis. ZIP9

is widely expressed in human tissues and up-regulated in malignant breast and prostate tissues,

suggesting that it is a potential therapeutic target for treating breast and prostate cancers. These

results provide the first evidence for a mechanism mediated by a single protein through which

steroid and zinc signaling pathways interact to regulate physiological functions in mammalian

cells. (Endocrinology 155: 4250–4265, 2014)

The physiological importance of rapid, cell surface-ini-

tiated steroid actions in regulating cellular functions

through activation of intracellular signaling pathways has

become widely acknowledged with the publication of nu-

merous studies on these nonclassical steroid actions in a

broad range of vertebrate cells and tissues (1–3). Both

nuclear steroid receptors in extranuclear locations and

novel 7-transmembrane receptors unrelated to nuclear

steroid receptors have been implicated as intermediaries in

these rapid, pregenomic steroid actions (4–9). Within the

last decade, novel membrane receptors have been identi-

fied for progesterone, membrane progesterone receptors

(mPRs), and for estrogens, G protein-coupled estrogen

receptor-1 (GPER, formally known as G protein-coupled

receptor 30, GPR30) (10–13), which has prompted inten-

sive research on their functions in health and disease. Al-
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though androgens have also been shown to exert nonclas-

sical actions in a variety of cell types (2, 14–20), the

membrane androgen receptors (mARs) mediating these

actions have not been identified. The finding that nuclear

AR (nAR) agonists, such as R1881 (methyltrienolone) and

mibolerone, and antiandrogens, such as flutamide and cy-

proterone acetate, do not bind to mARs or influence non-

classical androgen actions in many cells (9, 16, 18, 21–23)

suggests the existence of novel androgen receptors unre-

lated to the nAR. The identification of nonclassical an-

drogen actions in cells and animal models that do not

express the nAR (9, 24, 25) further suggests the existence

of a novel mAR. However, failure to identify the mAR has

hindered progress in determining the mechanisms of an-

drogen action and in developing therapies that target the

mAR to treat human diseases. For example, although an

unidentified mAR been implicated in mediating apoptotic

actions of androgens in prostate cancer cells and tumor

regression when the cells are transplanted into mice (24),

selective agonists that do not activate nuclear receptors,

like those developed for mPRs and GPER (26, 27), have

not been developed for the mAR.

Significant progress has also recently been made in de-

ciphering the critical roles of another major regulator of

essential structural and cellular functions in vertebrates,

the trace element zinc (28, 29). Zinc regulates the expres-

sion of numerous genes (30) and is a cofactor for over 50

enzymes regulating metabolism (31). More than 3% of

human genes encode for proteins with zinc-binding motifs

called zinc fingers that includes proteins involved in im-

mune function, proliferation, differentiation, signal trans-

duction, cell adhesion, and apoptosis (32–34). Disrup-

tions of zinc homeostasis are associated with a variety of

diseases, including diabetes, cancer, and immune and con-

nective tissue disorders (30, 32, 34–37). Because zinc sta-

tus is a crucial factor influencing normal cell physiology,

a complex multifaceted zinc transporter system tightly

regulates intracellular zinc levels within narrow limits (28,

30, 35, 37, 38). The 10 members of the human ZnT (zinc

transporter, vertebrate cation diffusion facilitator family

proteins [SLC30A, solute-linked carrier 30]) zinc trans-

porter family regulate zinc export from cells, whereas the

14 members of the human ZIP (Zrt-and Irt-like proteins

[SLC39A]) zinc transporter family increase intracellular

free zinc levels by facilitating zinc influx from the extra-

cellular fluid or its release from intracellular stores (28,

37). However, despite their importance in maintaining

zinc homeostasis and in mediating zinc-transduction path-

ways controlling vital cellular functions, hormonal regu-

lation of ZnT and ZIP zinc transporter functions has not

been investigated extensively and remains poorly

understood.

Recently, we identified a cDNA encoding a novel mAR

in Atlantic croaker ovaries that has high sequence identity

with members of the vertebrate ZIP9 (SLC39A9) subfam-

ily. The croaker ZIP9 protein has all the characteristics of

a mAR and mediates androgen-induced apoptosis of ovar-

ian follicle cells as well as increases in intracellular free zinc

concentrations (64). This discovery provides an initial in-

dication that zinc transporter proteins can also function as

steroid hormone receptors and indicates a plausible mech-

anism by which steroid hormones can regulate physiolog-

ical functions through regulating zinc homeostasis. Thus,

these findings suggest that there are direct interactions

between nonclassical steroid hormone actions and zinc-

dependent signaling and functions. However, structural

modeling predicts that croaker ZIP9 has 7 transmembrane

domains with an intracellular C terminus, whereas other

ZIP9s in most fish and in mammalian species are predicted

to have 8 transmembrane domains with extracellular C

termini (34, 37, 38). Little information is currently avail-

able on tetrapod ZIP9s (38, 39), but recent evidence in-

dicates that ZIP9 is present on the trans-Golgi apparatus

(38), a location inconsistent with its function as a mAR.

Therefore, the broad applicability of the results obtained

with croaker ZIP9 remains unclear.

In the present study, we tested the hypothesis that hu-

man ZIP9 functions as a mAR and mediates apoptotic

actions of androgens. Testosterone acts on the cell surface

of human prostate and breast cancer cells to induce apo-

ptosis through an unidentified mAR (24, 40). ZIP9 is a

plausible candidate for the mAR mediating testosterone’s

apoptotic actions in these cancer cells. Therefore, mAR

functions of human ZIP9 were investigated in triple-neg-

ative human breast cancer MDA-MB-468 cells, which ex-

press moderate levels of ZIP9, and in nAR-negative PC-3

human prostate cancer cells with lower levels of ZIP9, in

which ZIP9 was overexpressed by stable transfection. Tes-

tosterone activation of intracellular signaling, apoptosis,

and apoptotic pathways was investigated in these cell

lines. In addition, ZIP9 mRNA expression in human

breast and prostate cancer biopsy samples was compared

with that in normal tissue controls. The results show hu-

man ZIP9 functions as a mAR and zinc transporter in both

breast cancer and prostate cancer cell lines and mediates

testosterone-induced apoptosis through MAPK- and zinc-

dependent pathways in these cells.

Materials and Methods

Chemicals
[1,2,6,7-3H]-testosterone ([3H]-T) (83.4 Ci/mmol) and [35S]-

GTP�S (guanosine 5�-O-[gamma-thio] triphosphate, 1250 Ci/
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mmol) were purchased from PerkinElmer. All other chemical
reagents were purchased from Sigma-Aldrich or Steraloids unless
otherwise stated. Antibodies are listed in Supplemental Table 1.

Expression of recombinant ZIP9 in human prostate

and breast cancer cell lines
Full-length cDNA clones encoding human SLC39A9/ZIP9

(NM_018375; Origene) were subcloned into pCMV6-Neo
mammalian expression vectors (Origene), and constructs or
empty vector were transfected into human PC-3 cells and MDA-
MB-231 cells (American Type Culture Collection) with Lipo-
fectamine 2000 (Invitrogen) following the manufacturer’s in-
structions. Transfected cells were selected with 500-�g/mL
geneticin (G418; Invitrogen) and cultured in DMEM/Ham’s nu-
trient medium containing 10% charcoal-stripped fetal calf se-
rum. Transfected cells were used in experiments after 2–3 pas-
sages when ZIP9 expression was maximal. MDA-MB-468 and
LNCaP cells, not transfected with ZIP9 or empty vector, were
transiently transfected with ZIP9 siRNA (small interfering
RNA) and nontarget siRNA (100nM, SmartPool; Dharmacon)
using Lipofectamine 2000 twice at 0 and 16 hours, and exper-
iments were performed 2 days later.

RT-PCR and quantitative real-time PCR (q-PCR)
Reverse transcription of extracted total RNA was performed

using SuperScript III reverse transcriptase (Invitrogen) and oligo
(dT) primers. PCR was conducted using GoTaq Green Master Mix
(Promega) as described previously (41) using the following gene-
specific primers for ZIP9 (sense, 5�-CTCTTGGAACCACCA-
CACCT-3� and antisense, 5�-CCCAAAACAGTCACCAGCTT-
3�), Bax (Bcl-2-associated X protein) (sense, 5�-TTTGCTTCA-
GGGTTTCATCC-3� and antisense, 5�- CAGTTGAAGTTGC-
CGTCAGA-3�), JNK (c-Jun N-terminal kinases) (sense, 5�-TTG-
GAACACCATGTCCTGAA-3�andantisense,5�-ATGTACGGG-
TGTTGGAGAGC-3�), and p53 (tumor protein p53) (sense, 5�-
GTTCCGAGAGCTGAATGAGG-3� and antisense, 5�-TCT-
GAGTCAGGCCCTTCTGT-3�). A housekeeping gene, �-actin
(sense, 5�-AAGAGAGGCATCCTCACCCT-3� and antisense, 5�-
TACATGGCTGGGGTGTTGAA-3�), was used as a loading con-
trol. q-PCR assays were performed using an Eppendorf RealPlex
Mastercycler (Eppendorf), in a 25-�L one-step Brilliant II SYBR
Green q-PCR Master Mix (Agilent) containing 100nM of the same
gene-specific primers (41).

Western blot analysis and immunocytochemistry
Subcellular protein fractions were resolved on 10% SDS-

PAGE gels, transferred to nitrocellulose membranes, blocked
with 5% nonfat milk, and incubated overnight with a custom
polyclonal antibody (1:2000) raised in rabbits against a synthetic
14-mer peptide (AEKSVVHEHEHSDC) derived from the first
extracellular loop from the N-terminal end of human ZIP9 pro-
tein (GenScript). Membranes were then incubated for 1 hour
with the second antibody (1:5000 horseradish peroxidase con-
jugated to goat antirabbit) and detected with SuperSignal
(Pierce). Immunocytochemistry was performed on cells grown
on coverslips, fixed in 2% paraformaldehyde for 15 minutes,
blocked for 1 hour with 2% BSA in PBS, and followed by an
overnight incubation in primary antibody (1:500). Cells were
then incubated for 1 hour with second antibody (1:2000) goat
antirabbit Alexa Fluor 488 (Molecular Probes) and mounted

using ProLong Gold Antifade Reagent with DAPI (4�,6-di-

amidino-2-phenylindole, Molecular Probes) and visualized us-

ing a fluorescent microscope.

Preparation of plasma membranes and other

subcellular fractions
Cells were homogenized with a sonicator in buffer at 4°C

containing 1% protease inhibitor cocktail (Pierce). Subcellular

fractions were isolated by differential centrifugation as described

previously (42, 43).

AR binding assays
Saturation analysis of [3H]-T binding (range, 0.25nM to

25nM) alone (total binding), or with 100-fold excess nonradio-

labeled testosterone (nonspecific binding), to plasma membranes

of MDA-MB-468 and PC-3-ZIP9 cells after 30 minutes of in-

cubation at 4°C was determined by filtration assay as described

previously (18). Competitive binding assays were conducted in

triplicate with steroid competitors (range, 10�5M to 10�10M),

incubated with 4nM [3H]-T, and the results expressed as a per-

centage of maximum specific testosterone binding.

Human breast and prostate cancer tissues
Human tissue RNA samples obtained from healthy adults

were purchased from Biochain. Deidentified paired normal and

malignant human breast and prostate tissue samples were ob-

tained from the National Cancer Institute Human Tissue Net-

work. Samples were handled in accordance with National Insti-

tutes of Health guidelines approved by The University of Texas

Office of Research Support and Compliance. Frozen samples

were stored at �80°C until analyzed by q-PCR. Paraffin-em-

bedded tissues were sectioned, deparaffinized in xylene, rehy-

drated in a series of ethanol solutions, and washed with PBS.

Tissue sections were blocked with 2% BSA in PBS and incubated

with ZIP9 (1:500) or nAR (1:500) antibodies overnight followed

by 1-hour incubation with goat antirabbit Alexa Flour 488 or

Texas Red secondary antibody at room temperature. Presence of

fluorescent-labeled ZIP9 protein in tissue sections was examined

using a Nikon fluorescent microscope and imaging system.

G protein activation and immunoprecipitation
G protein activation was assessed by measuring [35S]-GTP�S

binding to cell plasma membranes after incubation with 100nM

androgens or vehicle for 45 minutes at 28°C as described pre-

viously (12, 17). Membrane-bound [35S]-GTP�S-labeled G pro-

tein �-subunits activated by testosterone were identified by im-

munoprecipitation with G protein �-inhibitory (G�i) and G

protein �-stimulatory (G�s) antibodies (1:100; Santa Cruz Bio-

technology, Inc) (12, 17).

Apoptosis and Caspase 3 assays
Cells were serum starved for 48 hours and then incubated in

serum-free media containing steroids for 36–48 hours. Cells

were fixed with 4% paraformaldehyde, followed by 5 minutes

staining with 1 �g/�L Hoechst 33342. Cells were then washed

and observed under a fluorescent microscope. Apoptotic nuclei
were counted and expressed as percent apoptotic cells. Apoptotic
cells were also detected by TUNEL (Terminal deoxynucleotidyl
transferase dUTP nick end labeling) assay using an ApoAlert

4252 Thomas et al Human ZIP9 mAR Endocrinology, November 2014, 155(11):4250–4265
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DNA fragmentation Assay kit (Clontech) following the manu-
facturer’s instructions. Caspase 3 activity was measured by flu-
orescence assay using an ApoAlert kit (Clontech).

Intracellular zinc measurement
Changes in intracellular zinc levels in cells in response to ste-

roid treatments (20 min) were determined using a specific fluo-
rescent probe for zinc, Zinquin ethyl ester (15�M; Molecular

Probes), and fluorescence (exc 365 nm, em

420 nm) was measured under a fluores-
cent microscope (44), or with a 96-well
fluorescence plate reader.

cAMP and MAPK assays
cAMP concentrations were measured

in cell lysates after incubation with an-
drogens for 20 minutes with an enzyme
immunoassay kit (Cayman Chemical)
following the manufacturer’s instruc-
tions. Phosphorylation of ERK was mea-
sured by Western blot analysis as de-
scribed previously (26). Cells were
cultured overnight in serum-free medium
to reduce background activity before
conducting experiments.

Statistical analysis
All data are reported as mean val-

ues � SEM of at least 3 measurements in
a single experiment. All experiments
were repeated at least 3 times, and sim-
ilar results were obtained on each occa-
sion. Significant differences between
paired treatment groups were analyzed
by Student’s paired t test (GraphPad
Prism Software).

Results

ZIP9 localization in MDA-MB-

468 cells

RT-PCR produced a band of the

predicted size for ZIP9 in triple-neg-

ative MB-MDA-468 breast cancer

cells, which was absent in RT� con-

trols (Figure 1A, left). Western blot

analysis of MDA-MB-468 plasma

membranes with human ZIP9 anti-

body showed a single band, size ap-

proximately 43-kDa, which was ab-

sent after preincubation of the

antiserum with peptide antigen

(M�P, Figure 1A, right). Immuno-

cytochemical analysis showed ZIP9

protein is distributed in the perinu-

clear region and on the plasma mem-

brane of MDA-MB-468 cells (Figure 1B, a–c). The im-

munostaining was blocked after preincubation of the

antibody with peptide antigen, confirming the specificity

of the immunoreaction (Figure 1B, d). Western blot anal-

ysis of subcellular fractions containing the same protein

concentrations showed strong protein bands, approxi-

mately 43-kDa, in plasma membrane and mitochondrial

Figure 1. Membrane androgen binding and expression of ZIP9 in nAR-negative MDA-MB-468
human breast cancer cells. A–C, Expression of ZIP9 mRNA (left) and ZIP9 protein on plasma
membranes (6 �g/lane) (right) (A) and ZIP9 protein localization in cells by immunocytochemical
analysis (B, a–c; peptide block, d) and in subcellular fractions by Western blot analysis (10 �g/
lane) (C). Mkr, 100-bp ladder or molecular weight marker; �P, peptide block; actin, actin loading
control; Nu, nuclear fraction; Mi, mitochondrial faction; M, plasma membrane fraction; Ms,
microsomal fraction; Cyt, cytoplasmic fraction; His, histone nuclear marker; Cad, cadherin plasma
membrane marker; COX, cyclooxygenase mitochondrial marker. The purity of subcellular
fractions was confirmed using antibodies to these specific marker proteins. D, Representative
saturation analysis and Scatchard plot of specific [3H]-T binding to plasma membranes. E and F,
Representative competition curves of steroid binding to plasma membranes expressed as a
percentage of maximum [3H]-T binding. T, testosterone; DHT, 5�-dihydrotestosterone; Androst,
androstenedione; Cor, cortisol; E2, estradiol-17�; P4, progesterone; mib, mibolerone; Bic,
bicalutamide; Hyd, hydroxyflutamide. G, Effects of overnight treatment of MDA-MB-468 cells
with 100nM T, P4, and E2 on plasma membrane expression of ZIP9 protein (top) and specific
[3H]-T plasma membrane binding (bottom). *, P � .05 compared with vehicle (Veh) control,
n � 6.
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fractions, which were blocked by preincubation with pep-

tide antigen, and lower expression in nuclear and micro-

somal fractions (Figure 1C). A weaker secondary immu-

noreactive band (�37 kDa) was also detected in the

nuclear fraction.

[3H]-T binding characteristics of MDA-MB-468 cells

Saturation and Scatchard plot analyses of [3H]-T bind-

ing showed the presence of a high-affinity (dissociation

constant, Kd, 17.9 � 3.4nM), limited capacity (maximum

binding capacity, Bmax, 4.1 � 0.5nM/mg membrane pro-

tein), single binding site on plasma membranes of MDA-

MB-468 cells (Figure 1D). Competitive binding studies

showed that progesterone was as effective as testosterone

in displacing [3H]-T binding from plasma membranes,

whereas cortisol and estradiol-17� were ineffective com-

petitors (Figure 1E). Of the androgens tested, dihydrotes-

tosterone displayed a binding affinity almost identical to

that of testosterone, whereas androstenedione, the nAR

agonist mibolerone, and the nAR antiandrogen hydroxy-

flutamide had affinities less than 1% that of testosterone,

and the nAR antiandrogen bicalutamide (Casodex) had

negligible affinity for the receptor (Figure 1F). Treatment

of MDA-MB-468 cells overnight with 100nM testoster-

one, progesterone and estradiol-17� increased ZIP9 pro-

tein concentrations on plasma membranes, which was as-

sociated with parallel increases in specific [3H]-T binding

(Figure 1G).

Testosterone induction of signaling and apoptosis

through ZIP9 in MDA-MB-468 cells

Treatment with testosterone (100nM) significantly in-

creased specific [35S]-GTP�S membrane binding which

was not observed with mibolerone, suggesting that G pro-

teins are activated by a novel mAR (Figure 2A). Immuno-

precipitation of membrane-bound [35S]-GTP�S with spe-

cific G protein �-subunit antibodies showed that most of

the elevated [35S]-GTP�S after testosterone treatment was

bound to an inhibitory G protein G�i-subunit and practi-

cally none to the G�s-subunit (Figure 2B). Testosterone

(20nM and 100nM) treatment for 15 minutes increased

ERK phosphorylation, whereas 100nM mibolerone was

ineffective (Figure 2C). Treatment with 20nM, 50nM, and

100nM testosterone and 100nM testosterone conjugated

to bovine serum albumen (testosterone-BSA) caused sig-

nificant increases in intracellular free zinc concentrations,

whereas 100nM mibolerone, dihydrotestosterone, pro-

gesterone, estradiol-17�, and cortisol did not alter zinc

levels (Figure 2, D and E). Treatment of serum-starved

cells with 20nM and 100nM testosterone for 48 hours

caused a concentration-dependent increase in percent ap-

optotic nuclei, which was mimicked by testosterone-BSA

(100nM), but not by the other steroids tested (Figure 2F).

The percent apoptotic nuclei was also significantly in-

creased after treatment with 20nM testosterone and tes-

tosterone-BSA assessed by TUNEL assay (Figure 2G).

Caspase 3 activity was significantly increased within 5

hours of treatment with 20nM testosterone but not with

mibolerone (Figure 2H). Transient transfection of ZIP9

siRNA decreased ZIP9 expression and specific [3H]-T

binding to MDA-MB-468 cell membranes (Figure 2I),

which was accompanied by a complete loss of the intra-

cellular free zinc response to testosterone treatment (Fig-

ure 2J) as well as testosterone-induced apoptosis (Figure

2K).

ZIP9 localization in ZIP9-transfected PC-3 cells

Relatively low levels of ZIP9 expression were detected

in nAR-negative PC-3 prostate cancer cells transfected

with vector alone (PC-3-Vec), whereas expression was in-

creased after stable transfection of ZIP9 (PC-3-ZIP9) (Fig-

ure 3A). Immunocytochemical analysis showed ZIP9 is

predominantly localized to the perinuclear region with

significant expression also on the plasma membrane in

PC-3-ZIP9 cells (Figure 3B). Western blot analysis of sub-

cellular fractions (20�g protein/lane, twice that used in the

Western blot in Figure 3A) showed greatest expression of

the major protein band (�43-kDa) in the plasma mem-

brane and a weaker band in mitochondrial fractions of

PC-3-Vec cells, whereas a smaller lower molecular weight

band (�37-kDa) was detected in the nuclear fraction (Fig-

ure 3C). ZIP9 protein expression was further increased in

plasma membrane, mitochondrial, and nuclear fractions

of PC-3-ZIP9 cells, and faint larger molecular weight

(�43-kDa) bands in addition to stronger smaller molec-

ular weight (�37-kDa) bands were detected in nuclear

fractions (Figure 3C). The subcellular localization of ZIP9

in these cells was confirmed using specific subcellular

markers (Figure 3C) and another human ZIP9 antibody

(Supplemental Figure 1). Smaller (�33 kDa) bands were

observed in membrane and nuclear fractions of PC-3-ZIP9

cells after deglycosylation (M�E, Figure 3C), which cor-

respond to the predicted molecular weight of ZIP9.

[3H]-T binding characteristics in PC-3-ZIP9 cells

Increased plasma membrane expression of ZIP9 in PC-

3-ZIP9 cells compared with PC-3-Vec cells was associated

with an approximately 2-fold increase in specific [3H]-T

membrane binding (Figure 3D). Saturation analysis and

Scatchard plots of [3H]-T binding to PC-3-ZIP9 cell mem-

branes demonstrated high-affinity, limited-capacity, sin-

gle, specific [3H]-T binding sites with a Kd of 14.4 �

2.4nM and a Bmax of 7.4 � 0.6nM/mg protein (Figure 3E).

Competitive binding assays with PC-3-ZIP9 cell mem-

4254 Thomas et al Human ZIP9 mAR Endocrinology, November 2014, 155(11):4250–4265
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Figure 2. Effects of androgens on signal transduction pathways and apoptosis through ZIP9 in MDA-MB-468 cells. A, Effects of androgens
(100nM) on [35S]-GTP�S binding to plasma membranes. T, testosterone; M, mibolerone. ***, P � .001 compared with vehicle (Veh) control, n �

6. B, Immunoprecipitation of [35S]-GTP�S bound to G protein �-subunits on plasma membranes activated by 100nM T treatment with specific G
protein �-subunit antibodies or control IgG. Gs, G�s antibody; Gi, G�i antibody. ***, P � .001 compared with corresponding IgG control, n � 6.
C, Representative Western blot showing the effects of 15 minutes treatments with T (20, 100nM) and M (100nM) on activation of ERK1/2. EGF,
epidermal growth factor-positive control; pERK, phosphorylated ERK. D and E, Effects of T and other steroid treatments on relative intracellular
free zinc levels. Py, pyrithione-positive control; TB, charcoal-stripped T bovine serum albumen conjugate; DT, dihydrotestosterone; E2, estradiol-
17�; P4, progesterone; Cor, cortisol. ***, P � .001; **, P � .01 compared with Veh control. F and G, Effects of T and other steroids on %
apoptotic nuclei in Hoechst (F) and TUNEL (G) assays. H, Effects of treatment with 20nM T and M for 3 and 5 hours on Caspase 3 activity. Stau,
staurosporin (600nM); *, P � .05 compared with respective Veh control. I–K, Effects of knockdown of ZIP9 expression by transfection with siRNA
(ZIP9) and nontarget siRNA controls (NT) on ZIP9 mRNA expression (I, top, left) and ZIP9 protein expression in plasma membranes (I, top, right) and
[3H]-T binding in a single-point assay (bottom) (I) as well as intracellular zinc concentrations (J) and apoptosis (K) in response to 100nM T. Actin,
loading controls; Ut, untransfected controls; TB, total binding; NSB, nonspecific binding; SB, specific binding. ***, P � .001; *, P � .05 compared
with respective NT-specific binding (G) or Veh NT controls (H), n � 6.
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branes showed similar steroid specificities to those ob-

served in MDA-MB-468 cells, with dihydrotestosterone

and progesterone displaying the same high relative bind-

ing affinities as testosterone, whereas androstenedione,

mibolerone and hydroxyflutamide had lower affinities

and bicalutamide, estradiol-17�,

and cortisol were ineffective as com-

petitors (Figure 3, F and G).

Testosterone induction of

signaling and apoptosis

through ZIP9 in PC-3-ZIP9 cells

Treatment with 100nM testoster-

one, but not with mibolerone,

caused significant G protein activa-

tion in PC-3-ZIP9 cells, as shown by

increased [35S]-GTP�S binding to

plasma membranes, whereas no G

protein activation was observed in

PC-3-Vec cells (Figure 4A). Immu-

noprecipitation of membrane-

bound [35S]-GTP�S on PC-3-ZIP9

cells with G protein �-subunit anti-

bodies showed that all the increased

membrane-associated [35S]-GPT�S

after testosterone treatment was

bound to an inhibitory G�i (Figure

4B). Consistent with these findings,

testosterone and dihydrotestoster-

one (20nM, 100nM) caused concen-

tration-dependent decreases in

cAMP production in PC-3-ZIP9 cells

compared with vehicle-treated con-

trols, whereas these treatments were

ineffective in PC-3-Vec cells (Figure

4C). Testosterone treatment (20nM)

also increased intracellular free zinc

levels in PC-3-ZIP9 cells but was in-

effective in PC-3-Vec cells (Figure

4D). The testosterone-induced in-

crease in free zinc was concentra-

tion-dependent over the range of

5nM to 100nM and mimicked with

testosterone-BSA, which suggests

that this testosterone action is initi-

ated at the cell surface (Figure 4E).

Dihydrotestosterone and mibo-

lerone treatments (100nM) also in-

creased zinc concentrations whereas

progesterone, estradiol-17�, and

cortisol were ineffective (Figure 4F).

Caspase 3 activity was increased af-

ter 5 hours of treatment with 20nM testosterone, whereas

mibolerone was ineffective at this concentration (Figure

4G). Treatment with 20nM testosterone and testosterone-

BSA, but not mibolerone, significantly increased percent

apoptotic nuclei in PC-3-ZIP9 cells but not in PC-3-Vec

Figure 3. Membrane androgen binding and expression of ZIP9 in nAR-negative PC-3 human
prostate cancer cells overexpressing ZIP9 (PC-3-ZIP9) and in cells transfected with vector alone
(PC-3-Vec). A–C, Expression of ZIP9 mRNA (top) and protein on plasma membrane (bottom) (A),
by immunocytochemical analysis (B), and ZIP9 protein expression in subcellular fractions by
Western blot analysis (C). Protein loading (20 �g/lane) for the Western blotting in C was double
that in A to detect minor immunoreactive bands. Mkr, molecular weight marker; M�E,
deglycosylated plasma membranes; �P, peptide block; actin, loading control; (see Figure 1 for
key to subcellular abbreviations and markers). D, Representative single-point binding assay of
specific [3H]-T binding to plasma membranes of PC-3-ZIP9 and PC-3-Vec cells. ***, P � .001
compared with PC-3-Vec cell membranes, n � 6. E, Representative saturation analysis and
Scatchard plot of specific [3H]-T binding to cell membranes of PC-3-ZIP9 cells. F and G,
Representative competition curves of steroid binding to cell membranes of PC-3-ZIP9 cells
expressed as a percentage of maximum [3H]-T binding (see Figure 1 for key to steroid
abbreviations).
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cells (Figure 4H). Testosterone caused a concentration-

dependent potentiation of serum starvation-induced ap-

optosis in PC-3-ZIP9 cells over the range of 10nM to

100nM, an effect mimicked with 100nM testosterone-

BSA and dihydrotestosterone, but not by mibolerone, pro-

gesterone, and cortisol (Figure 4I).

Figure 4. Effects androgens on signal transduction pathways and apoptosis in PC-3 human prostate cancer cells overexpressing ZIP9 (PC-3-ZIP9)
and in cells transfected with vector alone (PC-3-Vec). A, Effects of treatments with (100nM) testosterone (T) and mibolerone (M) on [35S]-GTP�S
binding to plasma membranes. ***, P � .001 compared with vehicle (Veh) control, n � 6. B, Immunoprecipitation of [35S]-GTP�S bound to G
protein �-subunits proteins on plasma membranes activated by 100nM T treatment with specific G�-subunit antibodies or control IgG. Gs, G�s

antibody, Gi, G�i antibody. ***, P � .001 compared with corresponding IgG control, n � 6. C, Effects of 20 minutes of treatments with T and
dihydrotestosterone (DT) (20nM, 100nM) on cAMP production. **, P � .01; *, P � .05 compared with corresponding PC-3-Vec control. D–F,
Effects of T and other steroid treatments on relative intracellular free zinc levels. D, Effects of 20nM T treatment on zinc levels in PC-3-ZIP9 and
PC-3-Vec cells. ***, P � .001; **, P � .01 compared with corresponding PC-3-Vec controls. E, Concentration-dependent effects of T and effects
of T-BSA on zinc levels in PC-3-ZIP9 cells. ***, P � .001; **, P � .01 compared with Veh controls. F, Effects of different steroid treatments
(100nM) on intracellular zinc concentrations in PC-3-ZIP9 cells. Py, pyrithione-positive control; TB, T conjugated to bovine serum albumen. ***,
P � .001; **, P � .01; *, P � .05 compared with Veh control. G, Effects of treatment with 20nM T and M for 3 and 5 hours on of Caspase 3
activity. Stau, staurosporin. *, P � .05 compared with respective Veh control H and I. Effects of T and other steroids on % apoptotic nuclei by
TUNEL (H) and Hoechst (I), in PC-3-ZIP9 cells assays. ***, P � .001; **, P � .01; *, P � .05 compared with respective Veh controls, n � 6 (see
Figure 1 for key to steroid abbreviations).
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[3H]-T binding and testosterone induction of

signaling and apoptosis through ZIP9 in LNCaP

cells and in ZIP9-transfected MDA-MB-231 cells

Comparable results were obtained in nAR-positive LN-

CaP human prostate cancer cells, and triple-negative

MDA-MB-231 cells stably transfected with ZIP9 (MDA-

MB-231-ZIP9) (Figure 5). LNCaP cells showed moderate

expression of ZIP9 protein, which was almost completely

eliminated after transient transfection of ZIP9 siRNA

(Figure 5A, top) and was accompanied by a significant

decline in specific [3H]-T binding compared with un-

treated and nontarget siRNA controls (Figure 5A, bot-

tom). Testosterone treatments caused significant increases

in intracellular zinc concentrations and apoptosis in cells

transfected with the nontarget siRNA, whereas these tes-

tosterone actions were completely blocked after transfec-

tion with ZIP9 siRNA (Figure 5, B and C). Relatively weak

plasma membrane expression of ZIP9 in MDA-MB-231
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Figure 5. Membrane testosterone (T) binding and effects of androgens on signal transduction pathways and apoptosis in AR-positive human
LNCaP prostate cancer cells (A–C) and in triple-negative MDA-MB-231 breast cancer cells (D–I) overexpressing ZIP9 (231-ZIP9) or vector alone (231-
Vec). A–C, Effects of transfection of LNCaP cells with ZIP9 siRNA (ZIP9) or nontarget (NT) siRNA on ZIP9 mRNA (A, top, left) and protein (A, top,
right) expression, and specific [3H]-T binding in a single-point binding assay. Ut, untransfected cells; actin, actin loading control. TB, total binding;
NSB, nonspecific binding; SB, specific binding. ***, P � .001; **, P � .01 compared with their respective NT controls, n � 6 (A, bottom); on
relative intracellular free zinc concentrations, *, P � .05 compared with NT vehicle (Veh) control (B); and on % apoptotic nuclei, ***, P � .001
compared with NT Veh control (C). D, Expression of ZIP9 mRNA (top, left) and protein on plasma membrane (top, right) and specific [3H]-T binding
in a single-point binding assay (bottom) in 231-ZIP9 and in 231-vec cells. ***, P � .001 compared with 231-vec control. E, Immunocytochemical
analysis of ZIP9 protein expression in 231-vec (Vec) and 231-ZIP9 (ZIP9) cells. F, Two-point competitive binding assay of T and mibolerone (M)
(100nM and 1�M, respectively) binding to 231-ZIP9 cell membranes expressed as a percentage of maximum specific [3H]-T-binding. ***, P � .001
compared with Veh control. G–I, Effects of T and M (100nM) on [35S]GTP�S binding to plasma membranes (G), on intracellular zinc concentrations
in 231-ZIP9 cells (H), and on % apoptotic nuclei in 231-ZIP9 cells (I). Py, pyrithione-positive zinc control; Stau, staurosporine-positive apoptosis
control. ***, P � .001; **, P � .01; *, P � .05 compared with respective Veh controls, n � 6.
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cells was increased after stable transfection of ZIP9 (Fig-

ure 5, D, top, and E, bottom) and was accompanied by an

approximately 2-fold increase in specific [3H]-T binding

(Figure 5D, bottom). Two-point competitive binding as-

says showed that 100nM and 1�M testosterone caused

almost complete displacement of [3H]-T binding to MDA-

MB-231-ZIP9 cell membranes, whereas mibolerone was

less effective as a competitor (Figure 5F). Treatment with

testosterone but not with mibolerone caused G protein

activation in MDA-MB-231-ZIP9 cells but not in vector-

transfected cells (Figure 5G). Similar to results with the

other cell lines, treatment with testosterone also increased

intracellular free zinc concentrations and percent apopto-

tic nuclei in MDA-MB-231-ZIP9 cells (Figure 5, H and I).

Testosterone up-regulation of apoptotic pathways

in MDA-MB-468 and PC-3-ZIP9 cells

Effects of treatment with 20nM testosterone on expres-

sion of genes in the intrinsic apoptotic pathway, Bax and

p53, as well as JNK, which participates in both intrinsic

and extrinsic apoptotic pathways, were investigated in

MDA-MB-468 and PC-3-ZIP9 cells. Treatment of serum-

starved PC-3-ZIP9 cells for 24 hours with 20nM testos-

terone caused significant up-regulation of Bax, p53, and

JNK mRNAs, whereas this treatment was ineffective in

PC-3-Vec cells (Figure 6, A–C). Similarly, testosterone

treatment (20nM) increased expression of all 3 genes in

MDA-MB-468 cells (Figure 6, D–F). Treatment for 48

hours with 20nM testosterone increased expression of

Bax, Caspase 3, and cytochrome C proteins in both MDA-

MB-468 cells and PC-3-ZIP9 cells compared with vehicle-

treated controls, whereas no changes were observed in the

PC-3-Vec cells (Figure 6, G–I).

Testosterone up-regulation of apoptotic genes in

MDA-MB-468 and PC-3-ZIP9 cells through ERK- and

zinc-dependent pathways

Involvement of testosterone-induced increases in intra-

cellular zinc and activation of MAPK in mediating in-

creases in Bax, p53, and JNK mRNA expression were

investigated in MDA-MB-468 and PC-3-ZIP9 cells, re-

spectively. Pretreatment for 24 hours with the zinc chela-

tor TPEN (N,N,N�,N�-Tetrakis(2-pyridylmethyl)ethyl-

enediamine) did not significantly affect expression of the

apoptotic genes alone in MDA-MB-468 cells but greatly

attenuated the 20nM testosterone-induced increase in

their expression (Figure 7, A–C). Similarly, although

MAPK inhibitor PD98059 (2-(2-Amino-3-methoxyphe-

nyl)-4H-1-benzopyran-4-one) (10�M) treatment alone

did not alter gene expression, it completely blocked the

stimulatory effect of 20nM testosterone on Bax, p53, and

JNK mRNA expression in PC-3-ZIP9 cells (Figure 7,

D–F).

ZIP9 expression in cell lines and in normal and

malignant human tissues

ZIP9 was detected by q-PCR in all human tissues and

cells examined (Figure 7, G and H). Relative ZIP9 mRNA

expression was high in pancreas, testis, and pituitary and

intermediate in the kidney, liver, uterus, heart, prostate,

and brain, whereas expression was lower in the ovary and

colon (Figure 7G). Relative ZIP9 mRNA expression was

high in MDA-MB-468, LNCaP, T47D, and Jurkat cells,

intermediate in PC-3 cells, MDA-MB-231, and SKBR3

cells, which were used for recombinant expression of hu-

man and croaker ZIP9s, respectively, and low in noncan-

cer vascular endothelial and smooth muscle cells and gran-

ulosa cells (Figure 7H). ZIP9 mRNA expression was

significantly greater in biopsies of human malignant pros-

tate tissues compared with that in paired normal prostate

tissue collected from 4 patients (Figure 8A), which was

also apparent when the results were combined (Figure 8B).

ZIP9 mRNA expression was significantly up-regulated in

malignant human breast tissue compared with normal tis-

sue from the same breast in paired biopsy samples from 5

out of 6 patients (Figure 8C), which was also significantly

higher when results of the 6 patients were combined (Fig-

ure 8D). Immunohistochemical analysis of both normal

and malignant prostate and breast tissue biopsy samples

collected from these patients showed increased expression

of ZIP9 protein in malignant tissues (Figure 8E and Sup-

plemental Figure 2). Relatively weak immunostaining

with the human nAR antibody was also detected in these

normal tissue biopsies, which was not significantly in-

creased in the malignant tissues (Figure 8E and Supple-

mental Figure 2).

Discussion

The present results provide convincing evidence that a zinc

transporter protein belonging to the ZIP (SLC39A) family,

ZIP9, functions as a mAR in mammalian cells. Results of

both gain of function experiments in PC-3 and MDA-MB-

231 cells overexpressing ZIP9 and knockdown studies in

MDA-MB-468 cells and LNCaP cells treated with ZIP9

siRNA strongly support this conclusion. The discovery

that human ZIP9 displays high-affinity (Kd, 14.4nM), lim-

ited capacity (Bmax, 7.4nM/mg protein), displaceable, spe-

cific, membrane [3H]-T binding characteristic of a mAR

corroborates previous results with Atlantic croaker ZIP9.

Furthermore, the finding that testosterone activates G pro-

teins and increases intracellular free zinc concentrations
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D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
n
d
o
/a

rtic
le

/1
5
5
/1

1
/4

2
5
0
/2

4
2
2
5
0
1
 b

y
 g

u
e
s
t o

n
 2

5
 A

u
g
u
s
t 2

0
2
2



Figure 6. Effects of testosterone (T) and mibolerone treatments on expression of members of apoptotic pathways in MDA-MB-468 (468), PC-3-
ZIP9 and PC-3-Vec cells. A–F, Effects of 24-hour treatments with 20nM T and mibolerone on relative mRNA levels of Bax, p53, and JNK in PC-3-
ZIP9 and PC-3-Vec (A–C) and in MDA-MB-468 (D–F) cells measured by q-PCR. **, P � .01 compared with vehicle (Veh) controls; *, P � .05
compared with corresponding PC-3-Vec treatments or Veh control, n � 6. G–I, Effects of 48 hours of treatment with 20nM T or Veh, or 0 hours
of no treatment (0 h) on cytosolic expression of Bax and Caspase 3 (Casp3) proteins, and mitochondrial expression of cytochrome C (Cyt-C)
protein in MDA-MB-468, PC-3-ZIP9, and PC-3-Vec cells determined by Western blot analysis. Actin, actin loading control.
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through human ZIP9 indicates that the signal transduc-

tion pathways mediated by human and croaker ZIP9s are

similar. Finally, testosterone regulates the same cellular

functions in a mammalian and teleost species, inducing

apoptosis through ZIP9s in both human and croaker cells.

The identification of shared mAR and proapoptotic func-

tions of ZIP9s in teleost fish and mammals, which diverged

approximately 450 million years ago, suggests that an-

drogen signaling to regulate apopto-

sis is a fundamental, conserved func-

tion of ZIP9 in vertebrates and

probably its primary physiological

role.

Human ZIP9 differs from croaker

ZIP9 in its high relative binding af-

finity for progesterone. However,

progesterone does not activate ZIP9,

because it did not increase intracel-

lular zinc concentrations or induce

apoptosis. Similarly, the potent nAR

agonist, mibolerone, was ineffective

in activating ZIP9-dependent signal-

ing pathways, and in inducing apo-

ptosis and up-regulation of proapo-

ptotic genes in the cancer cells,

suggesting that it will be a useful tool

for distinguishing nAR-dependent

androgen actions from those medi-

ated through ZIP9. The finding that

the nonaromatizable androgen dihy-

drotestosterone mimicked the effects

of testosterone in these cancer cells,

whereas estradiol-17� had negligi-

ble binding affinity and activity, does

not support a role for aromatization

in these androgen actions. Androgen

actions on intracellular zinc concen-

trations and apoptosis are initiated

at the cell surface, because they are

mimicked by the membrane-imper-

meable testosterone conjugate, tes-

tosterone-BSA. Taken together,

these results demonstrate that ZIP9

is specifically activated by androgens

and functions as a mAR on the cell

surface of human breast cancer and

prostate cancer cells.

The demonstration that testoster-

one treatment of MDA-MB-468 and

PC-3-ZIP9 cells causes G protein ac-

tivation further supports the pro-

posed role of human ZIP9 as a mAR.

Moreover, down-regulation of cAMP production in PC-

3-ZIP9 cells is consistent with immunoprecipitation re-

sults showing that testosterone activates an inhibitory G

protein in these cells, presumably through the G protein

�-subunit. The �� G protein subunit also appears to be

involved in ZIP9 signaling, because testosterone causes

phosphorylation of ERK in MDA-MB-468 cells. In addi-

tion to mediating testosterone signaling typical of a mAR,
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Figure 7. Effects of cotreatment with an intracellular zinc chelator (TPEN) or a MAPK inhibitor
(PD98059) on testosterone (T) (20nM) up-regulation of Bax, p53, and JNK mRNA expression in
MDA-MB-468 (A–C) and PC-3-ZIP9 (D–F) cells after 24 hours of treatment. Veh, vehicle; TP,
TPEN; PD, PD98059. **, P � .01; *, P � .05 compared with respective Veh controls. G, Relative
expression of ZIP9 mRNA in normal adult human RNA samples. Pitui, pituitary; n � 3. H, Relative
ZIP9 mRNA expression in cancer and noncancer cells. Cancer cell lines: MDA-MB-231, MDA-MB-
468, SKBR3, T47D, and MCF-7 (breast); LNCaP, PC-3, and DU-145 (prostate); SKOV (ovarian);
IMR-32 (neuroblastoma, brain); and Jurkat (T-cell leukemia). Noncancer cells: SIGC
(spontaneously immortalized granulosa cells; using rat ZIP9 primers); VSMC (primary vascular
smooth muscle cells from human umbilical vein); HUVEC (primary endothelial cells from human
umbilical vein); T-cell (human T lymphocytes); and HEK293.
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Figure 8. Relative expression of ZIP9 mRNA in paired normal (Nor) and malignant (Mal) human prostate (A and B) and breast (C and D) tissue
biopsies measured by q-PCR. ***, P � .001; **, P � .01; *, P � .05 compared with respective paired normal control (A and C) or respective mean
normal controls (B and D). All the malignant prostate biopsy samples were classified as acinar adenocarcinoma (Gleason score 6–7). All the
malignant breast biopsy specimens were classified as invasive ductal carcinoma (Nottingham grade 3 or Bloom-Richardson 2–3) (see Supplemental
Table 2 for additional details of the malignant biopsy samples). E, Hematoxylin and eosin (H&E) staining and immunohistochemistry of
representative normal and malignant prostate (biopsy specimen 1) and breast cancer (biopsy specimen 3) tissues showing localization of ZIP9 and
nAR proteins (see Supplemental Figure 2 for additional immunohistochemistry images of these specimens). Image amplification, 	100.
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ZIP9 also functions like other ZIPs as a zinc transporter,

increasing intracellular free zinc concentrations. How-

ever, the zinc transport function of ZIP9 differs from that

currently known for all other members of the ZIP family

in that it is acutely up-regulated within 30 minutes by

physiologically relevant concentrations of steroid hor-

mones acting at the cell surface. Importantly, the androgen

specificity of this zinc up-regulation closely matches that

for ligand binding to ZIP9 mAR, suggesting a close asso-

ciation between these 2 distinct functions of ZIP9, al-

though the nature of this interaction remains unclear.

None of the other 13 ZIP family members are obvious

candidates for steroid membrane receptors, because ZIP9

is not closely related to any of them and is the sole member

of ZIP subfamily I (37, 38). Nevertheless, evidence has

gradually emerged from disparate clinical and experimen-

tal studies for hormonal regulation of zinc homeostasis

and expression of several ZIP genes (28, 45). For example,

sex differences in zinc levels have been reported in murine

cerebral cortex synaptic vesicles (46), which are related to

sex differences in the severity of histopathology in a mu-

rine model of Alzheimer’s disease (47). Both androgens

and estrogens have been shown to modulate zinc homeo-

stasis in mouse brain, but the mechanisms are not known

(48). Sex differences have also been observed in steroid

regulation of zinc uptake by murine small intestine (49).

Prolactin and testosterone treatments regulate a zinc

transporter in prostate cancer cells (50) reported to be

ZIP1 (28), and treatment of MCF-7 breast cancer cells

with estradiol-17� for 7 days was reported to increase

ZIP6 and ZIP14 mRNA levels, whereas treatment with the

antiestrogen, fulvestrant, decreased the expression of

these genes (51). Our results show that ZIP9 expression in

MDA-MB-468 cells and in croaker ovaries (64) is also

up-regulated after incubation with steroid hormones.

These hormone-induced increases in membrane ZIP9 ex-

pression are likely to be of physiological significance, be-

cause in both cases, they were accompanied by enhanced

mAR function, shown as increased receptor binding.

One function of ZIP9 clearly identified in this study is

its role as an intermediary in testosterone induction of

apoptosis in human breast and prostate cancer cells. This

function of ZIP9 is not limited to immortalized cancer

cells, because it has also been demonstrated in primary

cultures of croaker granulosa and theca cells (64). The

ZIP9 signaling mediating apoptosis in both breast cancer

and prostate cancer cells includes genomic actions, be-

cause the key proapoptotic genes, Bax, p53, and JNK (52–

54), were all significantly up-regulated by testosterone

treatment. An interesting finding is that these testosterone-

induced increases in mRNA expression are blocked when

either mAR signaling or zinc transporter signaling func-

tions of ZIP9 are attenuated by treatment with a MAPK

inhibitor (PD98059) and a zinc chelator (TPEN), respec-

tively. An intriguing possibility that will require further

interrogation is that ERK phosphorylation and increases

in cytosolic free zinc are components of a single signaling

pathway regulating expression of apoptotic genes. The

observation that testosterone treatment increases Bax, cy-

tochrome C, and Caspase 3 protein expression in both cell

lines indicates that ZIP9 activates the mitochondrial ap-

optotic (intrinsic) pathway (52). It is noteworthy that the

same mitochondrial apoptogenic pathway is induced in

PC-3 cells by incubation in media with elevated concen-

trations of zinc, 15�M, 10-fold higher than that used in

the present study (55, 56). The finding that apoptosis is

induced in nAR-negative MDA-MB-468, MDA-MB-231,

and PC-3-ZIP9 cells by a cell-surface action of testoster-

one is in agreement with previous studies indicating it is

mediated through a mAR in a nAR-deficient prostate can-

cer cell (DU-145) line (24, 57). Similar to our results in

MDA-MB-468 cells, the apoptotic response to testoster-

one in T47D breast cancer cells involves a pertussis toxin-

sensitive inhibitory G protein and activation of MAPK

(58). Apoptotic responses identified in DU-145 cells, in-

volving down-regulation of PI3K/Akt (phosphatidylino-

sitol 3-kinase/serine/threonine kinase Akt) and NF-�B

(nuclear factor kappa-light-chain-enhancer of activated B

cells) activity and increased FasL (Fas ligand) expression

and Bad (Bcl-2-associated death promoter) protein activ-

ity (57), have not been investigated through ZIP9 in pros-

tate cancer cells, so it is not known whether testosterone

promotion of cell death through ZIP9 also involves the

extrinsic (death receptor-mediated) apoptotic pathway.

An initial survey of ZIP9 expression in malignant breast

and prostate biopsy samples suggests that it is up-regu-

lated in malignant cells. The finding that ZIP9 mRNA

expression is up-regulated in both malignant breast and

prostate tissues is in agreement with previous immuno-

histochemistry results (59) and has been reported for

ZIP6, ZIP7, and ZIP10 in breast cancer tissues (51), al-

though other ZIPs (ZIP1, ZIP2, and ZIP3) are down-reg-

ulated in prostate cancer tissues (60). Increases in ZIP ex-

pression in most cancers are suggested to be related to an

increase in zinc requirements in rapidly dividing cells (61).

Indeed, highest expression of the ZIP9 protein was de-

tected in invasive epithelial cells in the breast cancer bi-

opsies and in the glandular epithelial cells in the prostate

cancer samples, sites of proliferation in invasive ductal

carcinoma, and in prostate gland tumorigenesis, respec-

tively (62, 63). This suggests that ZIP9 is a potential ther-

apeutic target for treating breast and prostate cancers and

an intriguing possibly is that treatment with a specific

ZIP9 agonist would selectively cause apoptosis and death
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of the malignant cells in these tumors. However, these

preliminary results first need to be confirmed in additional

cancer biopsy samples representing a broader range of

cancer grades and subjected to comprehensive histopatho-

logical analyses of ZIP9 expression.

In conclusion, novel steroid signaling pathways initi-

ated through the zinc transporter ZIP9 protein have been

identified on cell membranes of cancer cells that mediate

androgen promotion of apoptosis. The discovery that a

single protein performs dual functions as an mAR and zinc

transporter in mammalian cells indicates that a previously

unrecognized intimate relationship exists between steroid

and zinc signaling pathways.
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