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Lysyl oxidase (LOX), an extracellular amine oxidase, catalyzes
the cross-linking of collagen and elastin. LOX has been also
shown to play an essential role in promoting the invasive and
metastatic potential of breast tumor cells. However, the LOX-
interacting factors in these processes are not known. In this
study, we identified placental lactogen (PL), a member of the
growth hormone/prolactin hormone family, as a LOX-interact-
ing partner using yeast two-hybrid screens. PL is normally only
expressed in placental syncytiotrophoblasts, but PL genes are
amplified and expressed in a high percentage of invasive ductal
breast carcinomas. We confirmed LOX-PL interactions using
far Western and solid phase binding assays. In activity assays, PL
was not a substrate or inhibitor of LOX. We further demon-
strated that PL is expressed in breast tumor epithelial cells and
detected LOX-PL interactions by coimmunoprecipitation in
invasive breast cancer cells. In MCF-10A normal breast epithe-
lial cells stably expressing LOX, PL, or both, LOX had no effect
on cell proliferation, PL alone increased proliferation by 49%,
and coexpression of LOX and PL led to a 121% increase in cell
proliferation. Unlike in tumor cells, LOX did not induce a more
migratory phenotype in MCF-10A cells; nor did PL. However,
their coexpression resulted in a 240% increase in cell migration,
suggesting that these interactions may be highly relevant to the
transition of epithelial cells toward a migratory phenotype dur-
ing the development and progression of breast carcinoma and a
significant role for LOX-PL interactions in epithelial cell behavior.

Lysyl oxidase (LOX)? is a copper-dependent amine oxidase
that catalyzes the enzymatic step for generating lysine-derived
covalent cross-links that insolubilize collagen and elastin dur-
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ing the biosynthesis of the extracellular matrix (1). Thus, LOX
plays an essential role in the development and maintenance of
connective tissue in the dermis, cardiovascular, respiratory, and
skeletal systems (2). Recent studies also suggested the implica-
tion of LOX in cell motility (3, 4), transcriptional regulation (5),
embryonic development (2, 6), and pathological conditions,
including cancer. Increases in the expression and enzymatic
activity of LOX have been demonstrated in highly invasive
cutaneous and uveal melanoma (7), invasive and metastatic
breast cancer cell lines (7, 8), and metastatic breast tumors (9).
In addition, overexpression of the catalytically active LOX in
noninvasive and poorly metastatic breast cancer cell lines
induced an invasive cell phenotype (9) and increased the met-
astatic potential of LOX-expressing cells in a mouse model for
breast cancer (10).

Human lysyl oxidase is synthesized by diverse cell types as a
48-kDa preproenzyme that is secreted into the extracellular
space following glycosylation. In the extracellular matrix, the
glycosylated pro-LOX is activated through the cleavage of the
N-terminal propeptide by the C-terminal procollagen protein-
ase/bone morphogenic protein-1, yielding a 30-kDa active
enzyme (2, 6, 11, 12). Although the proteolytic activation of
LOX and its matrix cross-linking activity has been extensively
studied, its significance in pathological conditions is less under-
stood. Consequently, questions have arisen regarding the reg-
ulation of LOX activation, potential new substrates, and protein
interactions in these processes. To elucidate the factors that
might play a role in these molecular mechanisms, we focused
on LOX-protein interactions and identified human placental
lactogen as a potential interacting partner of LOX from yeast
two-hybrid screens.

Human placental lactogen (PL) is a member of the growth
hormone/prolactin peptide hormone family that includes
growth hormone (GH), prolactin (PRL), and placental lactogen.
PL is produced by the placental syncytiotrophoblasts as a single
chain polypeptide hormone of 191 amino acids that has been
shown to form biologically active homodimers in vivo (13-15).
In humans, PL is only expressed in the placenta during preg-
nancy, and it replaces the down-regulated pituitary PRL as the
placental growth hormone (GH-V) replaces the down-regu-
lated pituitary GH (16). Human placenta-derived PL stimulates
mammary gland development, lactogenesis and the growth and
metabolism of the fetus (17). Three PL genes have been identi-
fied within the growth hormone gene cluster on chromosome
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17, PL-1 (also named PL-L or CS-L), PL-4 (PL-A or CS-A), and
PL-3 (PL-B or CS-B) (18, 19). PL-3 and PL-4, but not PL-1,
contribute to the mature hormone production (20), and the
secreted protein products of these genes are identical (21).

PL has been implicated in breast cancer, although its signifi-
cance remains unexplored. All three PL genes have been shown
to be amplified in 22% of breast carcinomas (22). PL expression
was demonstrated within tumors in 77% of the cases in this
panel, and another study reported PL expression in 82% of
breast tumors (23). In addition, a trend was noted toward an
increased incidence of lymph node metastases with amplifica-
tion of the PL genes (22).

The two other members of this hormone family, GH and
PRL, are potent oncogenes acting through their receptors, and
PL exerts its effects via the same receptors. PL binds to the GH
receptor (GHR) with lower affinity than GH (24) despite their
significant (85%) amino acid sequence homology (25). PL has
only 23% amino acid sequence homology to PRL (25) but binds
to the PRL receptor (PRLR) with a higher affinity (24, 26). The
PRL receptor mediates the growth and differentiating hormone
effect of PRL in the breast. In breast cancer cells, stimulated
PRLR activates signaling cascades associated with cytoskeletal
alterations and enhances membrane ruffling and cell motility,
events that have been associated with the progression of mam-
mary carcinoma in vivo (27). Epidemiologic evidence, indeed,
supports a role for PRL in the pathogenesis (28), progression
(29), and poor prognosis of breast carcinoma (30, 31). Although
PL is expressed in a high percentage of breast carcinomas and
can bind to PRLR, its expression and function in breast cancer
cells has not been investigated.

In this study, we describe the expression of PL in breast can-
cer cell lines and report a yeast two-hybrid screen that identi-
fied PL as an interacting partner of LOX. In subsequent exper-
iments, we characterize LOX-PL binding affinity and binding
site within LOX and confirm this interaction in invasive breast
tumor epithelial cells. To address the mechanism and signifi-
cance of potential LOX-PL interactions, we analyze cell prolif-
eration and migration using MCF-10A normal breast epithelial
cell lines stably expressing LOX, PL, or both. Our results sup-
port a proliferation-inducing function for PL in normal epithe-
lial cells and, furthermore, suggest a potential role for LOX-PL
interactions in breast epithelial cell proliferation and migration.

EXPERIMENTAL PROCEDURES

Antibodies and Proteins Used—Polyclonal anti-PL antibody,
polyclonal anti-GH antibody and monoclonal anti-PRL anti-
body were purchased from Novocastra Laboratories, Chemi-
con International, and Upstate Biotechnologies, respectively.
Monoclonal anti-glutathione S-transferase (GST) antibody was
purchased from Upstate Biotechnology, Inc. Polyclonal anti-
LOX antibody, which recognizes both the full-length and the
processed forms of human LOX, was previously characterized
(32). Purified PL, GH, and PRL proteins were purchased from
the National Hormone and Peptide Program. Purified bovine
aorta LOX (bLOX) was generously provided by Dr. Herbert
Kagan (Boston University) (33).

Immunofluorescent Microscopy—Fixed human breast cancer
tissues with corresponding normal tissues (AccuMax Array
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A712(II); ISU Abxis Co.) were obtained. Tissue sections were
deparaffinized by incubation at 65 °C for 20 min and immersion
in xylene three times for 15 min each. Rehydration of the tissue
sections was performed in a decreasing concentration ethanol
series. The sections were washed in PBS and in 0.1% Triton
X-100 in PBS for 10 min each and blocked in 5% normal goat
serum in PBS for 30 min. The sections were then incubated with
the primary antibodies in 5% normal goat serum in PBS for 2 h,
washed in PBS for 15 min, blocked in 5% normal goat serum in
PBS for 10 min, incubated with fluorescently labeled secondary
antibodies for 30 min, and then incubated with To-PRO-3
nuclear stain (Molecular Probes) for 15 min. After mounting
the samples with Vectashield mounting medium, a Zeiss LSM
Pascal confocal microscope was used for imaging.

Cell Lines and Culture Conditions—Immortalized mammary
epithelial MCF-10A cells and breast cancer cell lines Hs578T,
MDA-MB-231, MCE-7, and T47D were kindly supplied by Dr.
Dawn Kirschmann (Department of Anatomy and Cell Biology,
University of lowa) and were maintained as previously
described (34, 35). Expression of PL and LOX in the tumor cell
lines was evaluated by Western analysis of the cell lines’ condi-
tioned cell medium (CCM). Briefly, at ~70% confluence, the
cells were washed with PBS and incubated in serum-free, phe-
nol red-free medium for 48 h. The CCM was collected, and the
protein concentration was measured using Bradford reagent
(Bio-Rad). To a volume of CCM containing 20 ug of proteins,
10 pl of Strataclean Resin (Stratagene) was added and mixed at
room temperature for 10 min to bind the proteins (36). After cen-
trifugation and the removal of the supernatant, the resin was resus-
pended in 10 wl of 2X Laemmli buffer, and the samples were
boiled for 5 min before electrophoresis by SDS-PAGE.

Yeast Two-hybrid Screen—A yeast two-hybrid screen was
performed according to the Clontech System 3 protocol using a
human placental cDNA library (Clontech), which contained
over 3.5 X 10° independent clones generated from human
placental mRNA with oligo(dT) primers described previ-
ously (37). Primers were designed to introduce restriction
sites 5’ and 3’ to sequence-verified human LOX c¢DNA in
order to clone the inserts into the Clontech pGBKT7 vector
downstream and in frame with the GAL4 DNA-binding
domain. Several LOX expression constructs were designed and
cloned, including the full-length pro-LOX (amino acids
1-417), the mature LOX (amino acids 169-417), the LOX
propeptide (amino acids 1-168), the cytokine receptor-like
(CRL) domain (amino acids 349 — 417), the pro-LOX without the
CRL domain (amino acids 1-348), and the mature LOX without
the CRL domain (amino acids 349 —417). The finished constructs,
pGBKT7-LOX,_,,7 pGBKT7-LOX, o 417 PGBKT7-LOX,_, e
pGBKT7-LOX,40_415» PGBKT7-LOX, s, and pGBKT7-
LOX 4o 345 Were each verified by DNA sequencing. Similar clon-
ing was done to create yeast two-hybrid bait constructs for human
lysyl oxidase-like (LOXL) and lysyl oxidase-like 2 (LOXL2) genes,
which resulted in the constructs pGBKT7-LOXL,, .-, (amino
acids 26-574), pGBKT7-LOXL-Nterm,, .., (amino acids
26-368), pGBKT7-LOXL-Ctermsss -, (amino acids 338 —574),
pGBKT7-LOXL2-Nterm, ,, (amino acids 1-547), and
pGBKT7-LOXL2-Ctermg,g -, (amino acids 548 —774).
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The library was transformed into AH-109 yeast that con-
tained pGBKT7-LOX, ,,» or pGBKT7-LOX,q9_ 4;7» and
clones containing interacting proteins were selected based on
activation of the three reporter genes HIS3, ADE2, and lacZ.
The library plasmids were isolated from the positive yeast
clones, and the cDNA inserts were sequenced. The interactions
of the identified positive clones were further characterized by
performing direct cotransformations into AH109 yeast of var-
ious combinations of LOX, LOXL, and LOXL2 deletion con-
structs with the positive clones and with parallel empty vector
controls. These direct cotransformation assays also used selec-
tion based on HIS3 and ADE?2 reporter gene expression.

Bacterial Expression of GST-LOX—The plasmid pGEX-4T-1
(Amersham Biosciences) was used to generate an expression
construct for the mature LOX containing an N-terminal
GST tag, as described previously (37). Briefly, the pGBKT7-
LOX, ¢ _41~ Plasmid was digested with EcoRI and Sall, and the
LOX insert was ligated into the pGEX-4T-1 vector downstream
and in frame with the GST tag. The pGEX-4T-1-LOX expres-
sion plasmid was then transformed into the BL21 strain of Esch-
erichia coli (Stratagene) in parallel with the empty pGEX-4T-1
vector to use for GST-only negative controls. GST-LOX fusion
protein expression was induced by adding 0.1 mm isopropyl
B-p-1-thio-galactopyranoside to growing cultures and shaking
for an additional 2 h at 37 °C. Recombinant proteins were
extracted from inclusion bodies using a solubilization buffer
(8 M urea, 10 mm K,HPO,, 5 mm dithiothreitol, pH 8.2),
filtered through a 0.45-um syringe filter, and refolded with a
rapid dilution into 10 mm K,HPO, buffer (pH 8.2). GST-
LOX fusion proteins were captured and purified using glu-
tathione-Sepharose 4B (Amersham Biosciences) and then
eluted using the inclusion body solubilization buffer and
refolded again. Protein concentrations were measured using
the Bradford reagent (Bio-Rad).

Far Western Experiments—Our protocol was based on the
modified protocol for far Westerns from Ref. 38. Equal volumes
of the purified GST-LOX 4 _ 4, construct and GST only as a
control were resolved by SDS-PAGE and blotted onto a pre-
treated Immobilion-P membrane (Millipore Corp., Bedford,
MA). To refold the blotted proteins, we incubated the mem-
brane at room temperature with refolding buffer R6 (refolding
buffer: 20 mm HEPES, pH 7.7, 25 mMm NaCl, 5 mm MgCl, 1 mm
dithiothreitol with 6 M guanidinium hydrochloride added) for
1 h, then with refolding buffer R4 (containing 4 M guanidinium
hydrochloride) and with refolding buffer R2 (with 2 M guani-
dinium hydrochloride) for 15 min each, and finally with refold-
ing buffer R1 (containing 0.187 M guanidinium hydrochloride)
for 30 min. The membrane was incubated in refolding buffer R1
overnight at 4 °C with gentle shaking and then blocked with 5%
Carnation nonfat dry milk in PBST (1X PBS with 0.1% Tween
20) for 1 h at room temperature. The membrane was then
blocked with 3 um reduced glutathione in 2.5% Carnation non-
fat dry milk in PBST for 1 h at room temperature. The mem-
brane was washed with PBST and incubated with 5 ug/ml of the
target protein (PL) in PBST for 1 h at 4 °C. After washing, the
membrane was incubated with anti-PL primary antibody and
then with horseradish peroxidase-labeled anti-rabbit second-
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ary antibody for 1 h at room temperature. We used ECL
reagents (GE Healthcare) for horseradish peroxidase detection.

Solid Phase Binding Assay—To determine the binding affin-
ity of LOX to PL, GH, and PRL, solid phase binding assays were
performed as previously described (37, 39). Wells of high pro-
tein-binding EIA/RIA microplates (catalog number 3590;
Corning Glass) were coated with purified PL, GH, and PRL
proteins at 200 nM in PBS overnight at 4 °C. After aspirating the
liquid, the wells were blocked with 1% BSA in PBS for 3 h at
37 °C. After removing the blocking solution, wells were washed
three times with 0.1% BSA in PBS. Purified soluble GST-LOX
protein was added to the wells at various concentrations
(0-5000 nm) in 10 mMm K,HPO, (pH 8.2) and incubated over-
night at 4 °C. The wells were then washed three times with
PBST, and bound ligand was reacted with anti-GST (Upstate
Biotechnology) primary antibody and then detected with per-
oxidase-labeled secondary antibody (Amersham Biosciences).
Peroxidase activity was measured using the QuantaBlu fluoro-
genic peroxidase substrate kit (Pierce) with readings performed
by a POLARStar Optima microplate reader (BMG Labtech-
nologies). All measurements were performed in triplicates. The
dissociation constants were calculated using nonlinear regres-
sion analysis performed by Graphpad Prism4 statistical soft-
ware (Graphpad, Inc.).

Coimmunoprecipitation—For immunoprecipitation experi-
ments, CCM from cultured Hs578T breast cancer cells was col-
lected from cultures grown under serum-free conditions for 2
days postconfluence, and the CCM was concentrated using
Amicon Ultra tubes (Millipore). After preclearing the CCM by
incubating it with 20 ul of TrueBlot anti-rabbit IgG beads
(eBioscience) for 30 min at 4 °C, 3 ml of the sample was incu-
bated with 3 ug of the immunoprecipitating antibody (anti-
LOX or anti-PL) at 4 °C overnight. An equal amount of purified
rabbit IgG (Jackson Immunoresearch) was used as a negative
control to test the specificity of the immunocomplex forma-
tion. The formed immunocomplexes were captured by the
addition of 50 ul of TrueBlot anti-rabbit IgG beads and incuba-
tion for 1 h at 4 °C. The beads were then collected by centrifug-
ing at 4000 rpm for 10 min at 4 °C, and after taking aliquots of
the flow-through for further analysis, the beads were washed
three times in PBST and resuspended in 2X Laemmli buffer.
The immunoprecipitated samples were analyzed by Western
blotting.

LOX Activity Assays—The LOX enzyme activity was meas-
ured using the Amplex Red fluorescence assay (40), which was
adapted for use in microplate format and described previously
(37). The assay reaction mixture consisted of 50 mm sodium
borate (pH 8.2), 1.2 M urea, 50 um Amplex Red (Molecular
Probes, Inc.), 0.1 units/ml horseradish peroxidase (Sigma), and
10 mMm 1,5-diaminopentane substrate (Sigma). To measure if
LOX activity is affected by binding to PL, 10 pmol of purified
bLOX was incubated with an equal molar amount of purified
PL for 1 h at 4 °C. To measure if PL is a substrate for LOX, we
replaced the 1,5-diaminopentane in the reaction mix with var-
ious amounts of purified PL and measured the activity of 10
pmol of purified bovine LOX. The protein samples were added
to the reaction mix in the presence or absence of 500 um of the
LOX inhibitor B-aminopropionitrile (BAPN; Sigma), and the
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reactions were then incubated in a POLARstar Optima micro-
plate reader at 37 °C. The fluorescent product was excited at
560 nm, and the emission was read at 590 nm. The LOX enzyme
activity was calculated as the increase of fluorescent units over
time (60 min) above the BAPN controls. All samples were
assayed in triplicate to minimize experimental error. Statistical
analysis was performed using Graphpad Prism4 statistical
software.

Lentiviral Constructs—PL and LOX were stably expressed in
mammalian cells using the ViraPower ™ Lentiviral Expression
System (Invitrogen) according to the manufacturer’s protocol.
Forward PCR primers were designed to contain the additional
5'-CACC-3’ bases necessary for directional cloning on the 5’
end, whereas the reverse primers were designed to contain the
native stop codon. The primers used to amplify the human PL
sequence were 5'-CAC CAT GGC TCC AGG CTC-3' (for-
ward) and 5'-CTA GAA GCC ACA GCT GCC CT-3’ (reverse).
The primers designed to amplify LOX were 5'-CAC CAT GCG
CTT CGC CT-3' (forward) and 5'-CTA ATA CGG TGA AAT
TGT GCA GCC TG-3' (reverse). For the LOX template, we
used a previously cloned expression vector, pcDNA3.1-LOX,
and for the PL-4 template, we used a positive clone isolated by
the yeast two-hybrid screen. Both template plasmids were
sequence-verified. DNA fragments were amplified by PCR, in a
total volume of 50 wl, which consisted of 1 X PCR buffer, 125
uM dNTP, 0.5 um each primer, 1 unit of DeepVent polymerase
(New England Biolabs, Inc.), and 200 ng of template DNA. The
PCR cycling consisted of denaturation for 30 s at 95 °C, anneal-
ing for 30 s at 60 °C, and elongation for 1 min at 72 °C, which
was repeated 30 times. The first cycle was initiated with a dena-
turation step for 5 min at 95 °C. The amplified fragments were
then cloned into the pLenti6/V5 lentiviral expression vector
using the pLenti6/V5 directional TOPO cloning kit (Invitro-
gen), according to the manufacturer’s protocol.

Lentiviral Transduction—HEK293FT human embryonic
kidney epithelial cells (Invitrogen), used as hosts for the pro-
duction of the designed lentiviruses, were maintained as rec-
ommended by the manufacturer. These cells were cotrans-
fected with the pLenti6/V5-PL-4 or pLenti6/V5-LOX lentiviral
DNA constructs and Virapower packaging mix using Lipo-
fectamine 2000 (Invitrogen) as a transfection reagent. Virus-
containing supernatants were collected after 72 h of transfec-
tion. MCF-10A cells were stably transduced with lentiviruses
containing pLenti6/V5-PL-4, pLenti6/V5-LOX, and as a posi-
tive control pLenti6/V5-GW/lacZ, according to the manufac-
turer’s recommendations (Invitrogen). The transduced cells
were selected with 6 ug/ml blasticidin (Invitrogen), and clonal
selection was performed using Quixell™ cell selection and
automated transfer system (Stoelting Co.). Expression of PL
and LOX in the stably transduced MCF-10A cell lines was eval-
uated by Western analysis. Individual clones that were deter-
mined to have the highest levels of expression of PL and LOX
were selected for further experiments.

Cell Proliferation Assay—Cells were seeded in two parallel
96-well plates in triplicates at 2000 cells/well. Cells were
allowed to attach for 4 h at 37 °C and then washed with 1X PBS
to remove the unattached cells. The medium was replenished
on one of the plates, and these cells were grown for 72 h at 37 °C.
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The cells on the other plate were fixed in 95% ethanol, stained
with methylene blue, washed, and lysed with 1% Sarkosyl to
solubilize the dye. After 72 h, the same staining procedure was
performed on the second plate. Colorimetric absorbance was
measured at 620 nm using a POLARStar Optima microplate
reader (BMG). Proliferation rates were calculated as the differ-
ence between the number of cells after 72 h and the initial
number of seeded cells. Data were analyzed using Graphpad
Prism4 software.

Immunofluorescent Staining of the Actin Cytoskeleton—Pa-
rental MCF-10A cells and stably transduced MCF-10A cells
coexpressing PL and LOX were grown on coverslips to ~70%
confluence. After fixing the cells in 4% formaldehyde in PBS for
10 min at room temperature, cells were treated with 0.1% Tri-
ton X-100 in PBS and blocked with 0.1% BSA in PBS for 30 min
at room temperature. The cells were stained with phalloidin-
Alexa 488 conjugate (1:40 in 1% BSA) for 20 min and washed in
0.1% BSA in PBS. After mounting the samples with Vectashield
mounting medium, a Zeiss LSM Pascal confocal microscope
was used for imaging.

Cell Migration Assay—The in vitro cellular migration assay
was based on the previously described membrane invasion cul-
ture system assay (41). Briefly, MCF-10A cells and stably trans-
duced MCEF-10A cell lines expressing PL and/or LOX were
seeded in serum-free medium at a density of 50,000 cells/well
on the top of a gelatin-coated polycarbonate filter (10-um pore
size) suspended in a membrane invasion culture system cham-
ber, whereas the chamber underneath the membrane con-
tained complete medium. The cells were then incubated in a
CO, incubator at 37 °C for 4 h, fixed, and stained with hema-
toxilin-eosin, and the migratory cells were counted. The exper-
iments were repeated three times, and data were analyzed using
Prism4 software (Graphpad).

RESULTS

PL Expression in Breast Cancer Cell Lines—Our recent stud-
ies have shown that the expression of LOX in Hs578T and
MDA-MB-231 cell lines contributes to the invasive and meta-
static properties of these cells. In addition, we have shown that
the active LOX promoted migratory/invasive behavior in the
noninvasive/poorly metastatic breast cancer cell lines MCF-7
and T47D (7) and that in normal epithelial cells, LOX overex-
pression induced changes toward a mesenchymal, fibroblast-
like morphology (42). PL expression, however, has not been
investigated before in these cell lines, although PL has been
detected in breast tumor samples at a high frequency (22). First,
we detected PL and LOX expression in breast tumors on tissue
macroarrays using PL and LOX antibodies. All five tumor sam-
ples we analyzed were LOX-positive, and of these, three stained
for PL. In these tumors, both LOX and PL were detected within
and surrounding tumor cells (Fig. 1, A and B). To test if cultured
breast tumor cell lines also express PL, total protein from pre-
confluent culture media was extracted and analyzed by immu-
noblotting. Fig. 1C shows the secretion of PL by the invasive/
metastatic cell lines Hs578T and MDA-MB-231, the
noninvasive/poorly metastatic MCF-7 cell line, and a small
amount by T47D cells. PL from cell culture media was detected
as a 42 kDa band, which is consistent with the molecular weight
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