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A, Ala alanine
aa amino acid
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BD binding domain
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Cu copper
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D, Asp aspartic acid
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DAPI 4',6-diamidino-2-phenylindole
DEAE diethylaminoethyl
deLNL dehydrolysinonorleucine
DMEM Dulbecco’s modified Eagle 

medium
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
DNase deoxyribonuclease
dNTP deoxynucleoside triphosphate
DTT dithiothreitol
E, Glu glutamic acid
ECL enhanced chemiluminescence
ECM extracellular matrix

EDTA ethylenediamine tetraacetic 
acid
ELISA enzyme-linked immunosor-

bent assay
EMT epithelial-mesenchymal tran-

sition
EtBr ethidium bromide
EtOH ethanol
F, Phe phenylalanine
FAD flavin adenine dinucleotide
FAK focal adhesion kinase
FBS fetal bovine serum
FITC fluorescein isothiocyanate
fmol femtomole
FN fibronectin
FSH follicle-stimulating hormone
g gram
g acceleration due to gravity
G, Gly glycine
GAPDH glyceraldehyde 3-phosphate 

dehydrogenase
GH growth hormone
GHR growth hormone receptor
GST glutathione S-transferase
H, His histidine
h- human
Hepes 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid
hr hour
HRP horseradish peroxidase
I, Ile isoleucine
IGF Insulin-like growth factor
IgG immunoglobulin G
IP immunoprecipitation
IPTG isopropyl-1-thio-β-D-

galactopyranoside
IRF interferon regulatory factor
K, Lys lysine
kb kilobase pair
Kd equilibrium dissociation con-

stant
Ki inhibition constant
kD kiloDalton
L, Leu leucine
LB Luria-Bertani
LiAc lithium acetate
LOX lysyl oxidase
LOXL LOX-like
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LOXL2 LOX-like 2
LOXL3 LOX-like 3
LOXL4 LOX-like 4
LS lysozyme soluble
LTQ lysyl-tyrosylquinone
M molar (mole/liter)
mA milliampere
MAO monoamine oxidase
MCS multiple cloning site
mg milligram
min minute
ml milliliter
mm millimeter
mM millimolar
MOI multiplicity of infection
mRNA messenger RNA
mTLD mammalian tolloid
mTLL mammalian tolloid-like
N, Asn asparagine
NCBI National Center for Biotech-

nology Information
NF-κB nuclear factor-kappa B
ng nanogram
nm nanometer
nM nanomolar
nmol nanomole
OD optical density
OHS occipital horn syndrome
OMIM Online Mendelian Inheritance 

in Man
oPL ovine placental lactogen
ORF open reading frame

oxidase
P, Pro proline
PAA polyacrylamide
PAGE polyacrylamide gel electro-

phoresis
PAO polyamine oxidase
PBS phosphate buffered saline
PBST PBS with 0.1% Tween-20
PCR polymerase chain reaction
PDGF platelet-derived growth factor
PEG polyethylene glycol
pg picogram
PGE2 prostaglandin E2
PL placental lactogen
pM picomolar
pmol picomole
PRD proline rich domain
PRL prolactin

PRLR prolactin receptor
proLOX full-length LOX proenzyme
Q, Gln glutamine
R, Arg arginine
rDMLOXL-1 recombinant Drosophila 

LOXL-1
RNA ribonucleic acid
RNase ribonuclease
rpm revolutions per minute
Rrg ras recision gene
RT room temperature
S, Ser serine
SDS sodium dodecyl sulfate
SE standard error
SEM standard error measurement
SPBA solid phase binding assay
SRCR scavenger receptor cysteine 
rich
SRS Silver-Russell syndrome
SS signal sequence
SSAO semicarbizide-sensitive amine
Stat signal transducer and activator 

of transcription
T, Thr Threonine
TAE Tris-acetate-EDTA
TE Tris-EDTA
TGF-β transforming growth factor-β
ThCS thrombin cleavage site
TPQ topaquinone
U unit
UV ultraviolet
V volts
V, Val valine
v/v volume (of solute) per volume 

(of solvent)
VSMC vascular smooth muscle cells
W, Trp tryptophan
w/v weight (of solute) per volume 

(of solvent)
x g times gravitational force
Y, Tyr tyrosine
μg microgram
μl microliter
μm micrometer
μM micromolar
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INTRODUCTION

Breast cancer is the most common cancer among women, as it is diagnosed in 

1x106 women in the world each year [1]. The incidence of breast tumor development in 

women differs with age, mammary gland mass and exposure to endogenous and exogenous 

hormones [1]. However, the function, molecular regulation, and interaction of genetic al-

terations in carcinogenesis, as well as those of tumor cell migration and invasion, and me-

tastasis of breast carcinomas are not fully understood. As metastasis is a major challenge in 

cancer treatment, determination of molecular markers of metastatic potential and therefore 

understanding the process of metastatic tumor progression are important. Recently, com-

prehensive transcriptome profiling of normal breast, noninvasive breast tumor and invasive 

breast cancer cell lines identified lysyl oxidase (LOX) as a possible marker gene based on 

its differential expression [2]. In addition, upregulated LOX expression and activity have 

been reported in breast cancer tissues and invasive/metastatic breast cancer cell lines as 

well [3, 4]. Lysyl oxidase has been primarily recognized as a matrix-crosslinking enzyme; 

hence regulators and interacting factors contributing to its novel role in breast cancer de-

velopment and progression are yet to be discovered. The goal of this work was to identify 

novel LOX-interacting partners that likely promote its function during tumorigenesis, and 

to characterize such interactions and evaluate their biological significance.

Lysyl Oxidase and the LOX Enzyme Family

Lysyl oxidase (LOX) is a copper-dependent amine oxidase that catalyzes the cross-

linking of elastin and fibrillar collagens in the extracellular matrix (ECM) [5].

LOX was first discovered by Pinnell et al. [6] who demonstrated that the initial step 

of the covalent crosslinking of elastin and collagen, the formation of allysyl residues is 

mediated by an enzyme from bone extracts of embryonic chicks. This enzyme proved to be 

irreversibly inhibited by physiologically active levels of the lathyrogen β-

aminoproprionitrile (BAPN), a compound that had been previously shown in vivo and in 

tissue culture to inhibit the cross-linking of collagen I and elastin by blocking the lysine-to-

allysine conversion [7-9]. The enzyme was later given the non-systematic name lysyl oxi-

dase [10].

The enzymes catalyzing the oxidation of primary amine substrates to reactive alde-

hydes are the amine oxidases. Members of the first class of amine oxidases, such as mono-

amine oxidases and polyamine oxidase, contain flavine adenine dinucleotide (FAD) as 

cofactor. The second class of amine oxidases, including LOX, diamine oxidase (DAO), 
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and monoamine metabolizing semicarbazide-sensitive amine oxidase (SSAO) contain a 

tightly bound Cu2+ ion and a tyrosine-derived cofactor such as topaquinone (TPQ) or lysyl-

tyrosine quinone (LTQ) at their active site [5, 11, 12].

Lysyl oxidase (protein-lysine 6-oxidase, EC 1.4.3.13) was initially considered as a 

single enzyme and its insolubility and tendency for aggregation did not facilitate the bio-

chemical studies aimed to characterize the protein. Following the discovery that LOX can 

be solubilized in buffers with high urea content (4-6 M) and its activity can be recovered 

by the removal of urea [13] , the enzyme was purified from many tissues and organisms 

such as bovine aorta [14], piglet skin [15], embryonic chick cartilage [16], aorta [17] and 

human placenta [18]. The observation that LOX resolved upon DEAE chromatography 

into multiple isoforms [19] led to the hypothesis that there might be alternatively spliced or 

other forms of LOX or isoenzymes with similar properties.

So far LOX and four LOX-like (LOXL) proteins, (LOXL, LOXL2, LOXL3 and 

LOXL4) have been described as members of the LOX enzyme family. The lysyl oxidases 

act on peptidyl lysine residues as substrates in contrast to the other amine oxidases, which 

primarily act on small soluble polyamines [12]. The genes of these enzymes are located on 

different chromosomes. According to data at NCBI (http://www.ncbi.nlm.nih.gov) and 

Ensembl (http://www.ensembl.org) in the human genome, LOX localizes to chromosome 

5q23.2 encoding 7 exons, LOXL localizes to chromosome 15q24-q25 with 7 exons, LOXL2

is located on chromosome 8p21.3-p21.2 containing 14 exons as well as LOXL3 on chro-

mosome 2p13, while LOXL4 was mapped to chromosome 10q24 encoding 15 exons. 

Based on their gene structure the LOX genes can be further divided into two subgroups 

(Figure 1.). The LOX and LOXL genes share a similar exon structure in which five of the 

seven exons (exons 2-6) exhibit the highest level of homology as they are similar in size 

and encode amino acids of 76% sequence identity. Exons 1 and 7 of these genes, however, 

show significant differences. While exon 1 in LOX encodes a 5’-untranslated region, a 

signal peptide and a proenzyme region of the protein and the first amino acids of the ma-

ture enzyme, in LOXL it is larger and contains the sequences of a proline-rich region be-

sides a signal and a propeptide sequence. Correspondingly, exon 7 of LOX varies from that 

of LOXL as it includes several differentially used polyadenylation signals in addition to 

five coding nucleotides, a stop codon and a 3’-untranslated region, thus resulting in a 

longer exon in the former [20]. Likewise, LOXL2, LOXL3 and LOXL4 show similarities 

in their gene structure. In addition to the 4 exons encoding the conserved LOX-domain that 

characterizes this enzyme family, they all differ from LOX and LOXL in their 5’ exons that 
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are responsible for the coding of scavenger receptor cystein rich (SRCR) domains not pre-

sent in either LOX or LOXL [11, 21].

Figure 1. The gene structure of the lysyl oxidase gene family.
The numbers indicate the base pairs in each exon. The black boxes show the highly conserved exons coding 
the LOX domain.

Analysis of the corresponding amino acid sequences revealed that highly conserved 

residues define structural and functional domains within the carboxy-terminal region of the 

lysyl oxidases as demonstrated in Figure 2. The C-terminal region contains a copper-

binding domain with four histidines that participate in binding of the copper (II) cofactor, a 

cytokine receptor-like (CRL) domain showing homology with the extracellular ligand-

binding domain of the growth factor and cytokine receptor family, and the lysine and tyro-

sine residues that form the LTQ cofactor as well as ten cystein residues conserved among 

LOX isoenzymes [11, 21, 22]. Thus the catalytic region is very similar among the mem-

bers of the LOX enzyme family. Furthermore, each member of the enzyme family contains 

a signal sequence at the amino terminus essential for their secretion into the extracellular 

space.

The N-terminal region of these proteins show amino acid sequence divergence as it 

is illustrated in Figure 2. LOX contains a propeptide region at its amino terminus (amino 

acids 1-168) that is proteolytically cleaved by procollagen-C proteinase activity [23]. The 

N-terminus of LOXL comprises a proline rich region with a proline content of 14,2% 

which makes it unique among the lysyl oxidases [24], while within LOXL2, LOXL3 and 

LOXL4 there are repeated scavenger-receptor cystein-rich (SRCR) sequence motifs [21, 

22, 25-27] that can be found in several secreted and cell surface proteins and may be in-
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volved in binding to other ECM and cell surface molecules [28]. The divergent N-terminal 

domains are thought to modulate protein-protein interactions, substrate specificity, activity, 

and the processing of the LOX protein in its physiological context [11].

LOX

LOXL

LOXL2

LOXL3

SRCR1

SRCR1

SRCR2

SRCR2

SRCR3

SRCR3

SRCR4

SRCR4

Proline-rich region CRL

CRL

CRL

CRL

LTQ

Cu

Cu

Cu

Cu

417

574

774

753

SRCR1 SRCR2 SRCR3 SRCR4 CRLCu 743LOXL4

BMP-1

Figure 2. Schematic domain structure of the lysyl oxidases 
Purple rectangle: signal peptide; BMP-1: site of proteolytic cleavage; Cu: Cu2+-binding domain, CRL: Cyto-
kine receptor-like domain, SRCR: scavenger receptor cysteine-rich motifs. The numbers indicate the number 
of amino acids.

Transcriptional and Post-transcriptional Regulation of LOX

Analysis of the human LOX gene revealed the presence of predicted transcriptional 

elements in the 5’ flanking region such as AP-2, MalT, Sp-1 and glucocorticoid-receptor-

binding sequences, as well as metal regulatory elements in the promoter and the first intron 

[29]. Enhancer sequences of the human LOX gene between -796 and -274, relative to the 

start codon and within the first intron [29], along with interferon regulatory factor (IRF-1)-

binding sequences [30], suppressor elements, and transcription-modulating and serum dep-

rivation-responsive elements for the murine LOX gene have been described [11, 31]. 

Both the LOX mRNA and protein were demonstrated to be present in various tis-

sues under normal and pathological conditions. Therefore it is not surprising that a com-

plex mechanism exists that coordinates the regulation of LOX expression and protein ac-

tivity [11, 32]. The factors contributing to this regulation include metal ions [33, 34], 

growth factors and cytokines like transforming growth factor-β1 (TGF-β1) [35-38], basic 

fibroblast growth factor (bFGF) [39, 40], insulin-like growth factor (IGF) [41], and plate-

let-derived growth factor (PDGF) [42, 43], hormones like prostaglandin E2 (PGE2) [35, 
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37], follicle-stimulating hormone (FSH) [44], and testosterone [45], as well as signaling 

molecules like cAMP [46] and ras [47].

Biosynthesis and Proteolytic Processing of LOX

Lysyl oxidase is synthesized as a 46 kD prepro-enzyme with a 21-nucleotide signal 

sequence at its N-terminus [48, 49]. Sequential signal peptide cleavage, copper incorpora-

tion, and N-glycosylation within the propeptide region (amino acids 91-93) during its 

transport through the endoplasmic reticulum and the Golgi elements yield a 50 kD proen-

zyme [49, 50], which is then secreted into the extracellular space. Based on pulse-chase 

study results conducted in rat smooth muscle cell cultures, this 50 kD form is converted to 

a 32 kD non-glycosylated mature enzyme in the medium [49]. The enzymes responsible 

for the extracellular maturation of LOX are the procollagen C-proteinases bone morpho-

genic protein (BMP-1) and mammalian Tolloid (mTld) encoded by the BMP-1 gene [51]

as well as the genetically distinct mammalian Tolloid-like (mTLL)-1 and -2 proteinases 

[23, 52]. The proteolytic processing of LOX occurs at the Gly-Asp bond between residues 

168 and 169 (numbered according to the human sequence) [53] yielding an 18 kD propep-

tide and a 32 kD active enzyme which retains the 10 cystein residues of proLOX, all of 

them in disulfide linkage [54]. We have identified fibronectin (FN) as a novel factor in the 

proteolytic activation of LOX [55]. Our results revealed the interaction of FN and LOX, 

suggesting an association between FN and proLOX as well. Furthermore, our data demon-

strated a significant impairment in the proteolytic activation of LOX in embryonic fibro-

blast cultures derived from FN-/- mice that was not due to the absence of the processing 

enzyme BMP-1. Thus the presence of FN seems to be essential for the proteolytic activa-

tion of LOX supporting the hypothesis that the extracellular environment influences the 

activation rate of LOX. 

Catalytic Activity of LOX

The reaction catalyzed by lysyl oxidase is a redox process that requires the presence 

of an electron donor and a final electron acceptor for the oxidation of the substrate and the 

restoration of the enzyme, respectively. LOX contains two cofactors essential for its cata-

lytic activity, a tightly bound copper ion (Cu2+) [19] and a lysyl tyrosylquinone (LTQ) co-

factor [56] that is a unique characteristic of the LOX enzyme family. 
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The Copper (II) Ion

According to atomic absorption data, LOX contains 1 copper atom per 32 kD 

monomer. The removal of this copper results in the loss of enzyme activity [57, 58]. Active 

protein synthesis is required for the incorporation of 67Cu into LOX which occurs prior to 

glycosylation and processing during protein trafficking in the Golgi elements [50]. Elec-

tron spin resonance studies have indicated that copper (II) is bound in a tetragonally dis-

torted, octahedrally coordinated ligand field [57], similar to other divalent copper ion con-

taining enzymes. The sequence WXWHXCHXHYHS in human corresponding to the cop-

per-binding site contains four histidines that participate in copper binding with their nitro-

gen ligands [59]. These histidines are conserved in all members of the LOX family, sug-

gesting that copper incorporates into the LOX-like proteins likely in a similar manner. The 

incorporated copper (II) is also important for the stabilization of the LTQ cofactor as it has 

been demonstrated for bovine LOX that exhibited a decrease in the LTQ content upon the 

removal of the enzyme-bound copper [60].

The Lysyl Tyrosylquinone (LTQ) Cofactor

Lysyl oxidase contains a covalently bound carbonyl cofactor in addition to copper. 

Raman and UV-visible spectroscopy revealed the quinone nature of the cofactor the struc-

ture of which is derived from the covalent crosslinking of the ε amino group of peptidyl 

lysine 314 with the side chain of tyrosine 394 [56, 61] as supported by mutagenesis stud-

ies. The formation of the LTQ cofactor presumed to be a self-processing reaction, that in-

volves the autocatalytic hydroxylation and oxidation of Tyr394 (human LOX sequence) 

with the catalytic assistance of the copper atom at the nascent active site [62]. Indeed, stud-

ies of the recombinant form of Drosophila lysyl oxidase (rDMLOXL-1) revealed that the 

initially inactive rDMLOXL-1 that does not contain a carbonyl cofactor, following aerobic 

dialysis against copper shows catalytic activity and displays a characteristic electronic ab-

sorption spectrum of an organic cofactor present [63]. The developing cofactor is then at-

tacked by the ε-amino group of Lys314, and the reoxidation of this quinol product yields 

the peptidyl LTQ [62]. This covalently linked lysyl component of the LTQ cofactor in 

LOX might play an important role in the preference of LOX for peptidyl lysine substrates 

[64].
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Amine Oxidase Activity

Lysyl oxidase catalyzes the oxidative deamination of peptidyl lysine in elastin and 

collagen to δ-aminoadipic-β-semialdehyde or allysine during their posttranslational modi-

fication [65]. This reactive aldehyde can then spontaneously form covalent cross-links with 

neighboring amino groups or peptidyl aldehydes in the course of connective tissue bio-

genesis (Figure 3.).

Figure 3. The LOX-catalyzed reaction. 
Spontaneous development of crosslinkages from lysine (Lys) and peptidyl α-aminoadipic-δ-semialdehyde 
(AAS) yielding dehydrolysinonorleucine (deLNL) and aldol condensation product (ACP) [5].

The enzyme operates by a ping–pong mechanism that involves two half-reactions 

to complete the catalytic cycle. The mechanism can be summarized as demonstrated by the 

following equations [66]. 

(1) LOXox + RCH2NH2  →  LOXred(-NH2) + RHC=O

(2) LOXred(-NH2) + O2 +H2O  →  LOXox + H2O2 + NH3

The resulting cross-links are essential for the formation of collagen fibrils and in-

soluble elastin, the major components of the extracellular matrix. Recent studies have 

demonstrated that not only LOX but all the members of the enzyme family exhibit cross-

linking activity, as it was suggested by the presence of a catalytic domain conserved 

throughout the protein family [11, 67-69].
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Inhibition of LOX activity

Administration of β-aminoproprionitrile (BAPN) to growing animals is known to 

result in lathyrism, a disease characterized by an increased fragility of the connective tis-

sues and an elevation of solubility of collagen from tissues due to decreased cross-linking. 

Thus BAPN is a potent lathyrogen capable of inhibiting crosslink formation in vivo. Pin-

nell and Martin were the first to demonstrate that micromolar concentrations of BAPN 

irreversibly inhibited lysyl oxidase activity in vitro [6] with an inhibition constant (Ki) of 

3-5 μM [70]. BAPN binds to the active site of LOX and is enzymatically processed to a 

reactive intermedier, which is able to derivatize the enzyme [71]. BAPN was hence used to 

specifically inhibit the activity of lysyl oxidases and to identify additional irreversible in-

hibitors based on their structural similarities to BAPN, since LOX is a reasonable chemo-

therapeutic target for the control of fibrosis in pathological conditions. Such irreversible 

inhibitors are β-haloethylamines and β-nitroethylamine with inhibition constants similar to 

that of BAPN [72]. Certain para-substituted benzylamines [73] and 1,2-alkyldiamines [74]

have also been found to be active site-directed inhibitors of lysyl oxidase. Furthermore, 

LOX can be inhibited by heparin [75], N-(5-aminopentyl)aziridine [76], and the non-

competitive, reversible inhibitor trans-2-phenylcyclopropylamine [77].

Biological functions of LOX

Classical lysyl oxidase functions

Lysyl oxidase primarily targets collagen and elastin in vivo as the peptidyllysine 

products of amine oxidation are not broadly found among other mammalian proteins.

Collagens

Collagens are essential structural components of the extracellular matrix, and the 

most abundant proteins in the mammalian body. Collagens are important for a broad range 

of functions, including tissue scaffolding, cell adhesion, cell migration, cancer, angiogene-

sis, tissue morphogenesis and tissue repair. There have been at least 41 human collagen 

genes described that give rise to the numerous types of collagens conferring tensile 

strength to connective tissues. Collagens are characterized by the presence of at least one 

triple-helical collagenous domain with the repeating sequence motif (Gly-X-Y)n, where X 

and Y positions are often occupied by proline and 4-hydroxyproline, respectively [78]. In 

addition to the collagenous domains, collagens contain noncollagenous structures as well 

and many of these have important functions distinct from those of the collagenous domains 
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[79, 80]. The collagen protein family can be divided into several subgroups based on their 

function and domain homology. One of these subgroups includes the so called fibril-

forming collagens that are the principal source of tensile strength in mammalian tissues 

[81]. The precursors of the fibrillar collagens called procollagens following extensive post-

translational modifications inside the cell and secretion into the extracellular space, un-

dergo proteolytic conversion to collagen molecules. These collagen molecules then form 

fibrils that are stabilized by the formation of intra- and intermolecular crosslinks, a result 

lysyl oxidase activity [82].

Elastin

The elastic properties of many tissues capable of deforming in a repetitive and re-

versible manner are due to the presence of elastic fibers in the extracellular space. The 

most important component of these elastic fibers is elastin. Ultrastructural analysis have 

shown that the elastic fibers consist of two major elements: the laterally packed, thin or-

dered core component formed by elastin, and the fibrillar components called microfibrils 

serving as a scaffold during the incorporation of elastin [83, 84]. In the mammalian ge-

nome there is only a single elastin gene present, which is located on chromosome 7q11.1-

21.1 [85]. Elastin is synthesized as a soluble tropoelastin precursor containing alternating 

hydrophobic domains rich in non-polar amino acids such as Gly, Val, Pro and Ala, and 

hydrophilic domains rich in Lys and Ala involved in cross-linking [86]. So far 11 human 

tropoelastin splice variants have been identified [87]. Tropoelastin undergoes very little 

post-translational modification such as the hydroxylation of Pro residues [88], and follow-

ing secretion it is rapidly incorporated into the forming elastic fiber with no further prote-

olytic processing [89]. Tropoelastin is then subject to a process of ordered self-aggregation 

as a result of multiple specific interactions of hydrophobic domains, that concentrates and 

aligns tropoelastin molecules prior to crosslinking catalyzed by lysyl oxidase, the final step 

in the formation of the insoluble elastin polymer [83, 87].

In addition to the above-mentioned substrates of LOX, in vitro studies revealed that 

the enzyme is able to oxidize mono- and diamines [77, 90], synthetic elastin-like polypep-

tides [91], H1 histone [92] and the lysine residues of the secreted basic fibroblast growth 

factor (bFGF) [93] as well.
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Novel functions of lysyl oxidase

In addition to its involvement in the cross-linking of collagens and elastin, LOX has 

been demonstrated to act as a tumor suppressor, to induce chemotaxis, and to have intracel-

lular and moreover intranuclear activities [11, 66].

LOX’s involvement in cell growth control was first implied in a study of sea urchin 

development and a report on Xenopus oocyte maturation. The enzyme specific activity was 

demonstrated to increase over six-fold during development, showing the greatest rise dur-

ing gastrulation and larva formation in sea urchins. The treatment of the developing em-

bryos with the specific inhibitor BAPN led to developmental arrest and the accumulation 

of non-crosslinked collagen molecules, suggesting a critical role for LOX in sea urchin 

gastrulation and morphogenesis [94].

Using a Xenopus model Di Donato et al. revealed the inhibitory effect of LOX on 

ras-dependent oocyte maturation when coinjected with oncogenic p21-Ha-ras into matur-

ing oocytes. BAPN treatment of the injected oocytes successfully reversed this inhibition. 

This study also demonstrated that lysyl oxidase action depended on de novo protein syn-

thesis and was therefore probably mediated by an unknown, newly synthesized protein that 

acted as an inhibitor of oocyte maturation [95]. Therefore this report suggested an intracel-

lular role for lysyl oxidase.

LOX has also been implied in cellular senescence. Differential screening revealed 

several gene sequences, including a lysyl oxidase-like sequence WS9-14 , or LOXL2 that 

are overexpressed by both normal senescent human fibroblasts and fibroblasts derived from 

subjects with Werner's syndrome showing the characteristics of premature aging [25, 96]. 

Senescence in animals may depend on cellular senescence, cell death, modified prolifera-

tion of stem cells, interaction of different factors, as well as major qualitative and quantita-

tive alterations in the components of extracellular matrix [97]. LOX and the members of 

the enzyme family might play an important role in the changes of the ECM associated with 

aging.

In addition, the 32kD purified LOX was described to have a strong chemoattractant 

effect on different cell lines such as vascular smooth muscle cells (VMSC) [98], human 

monocytes [99], fibroblasts [100], and breast cancer cell lines [3]. These experiments 

brought to light that the chemotactic response of the VSMCs depended on the H2O2 prod-

uct of the LOX-catalyzed reaction, as cells were chemotactically responsive to the active 

enzyme, but not if the enzyme was inactivated or was administered in the presence of cata-

lase [98]. Similarly, a hydrogen peroxide–based mechanism was found to mediate LOX's 
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migration-facilitating effect in breast cancer cells [4] as discussed in the Lysyl oxidase in 

cancer section.

The involvement of lysyl oxidase in modulation of cell phenotype was suggested 

upon the discovery of a ras recision gene (rrg) in mice. The rrg transcript was highly ex-

pressed in normal fibroblasts, significantly decreased in the tumorigenic derivatives of 

these cells, and reexpressed at high levels in the non-tumorigenic revertants [101]. Cloning 

and sequencing of mouse rrg cDNA revealed its 96% sequence homology with the rat 

LOX cDNA, while mouse rrg exhibits 89% homology with the human LOX at the amino 

acid level [102, 103]. Consistently, LOX mRNA expression was found to be markedly low 

in various malignantly transformed cell lines as well [104, 105]. Knock-down of LOX by 

its antisense cDNA caused transformation of rat fibroblasts, which showed anchorage-

independent growth and were highly tumorigenic in nude mice [106]. Further investigation 

revealed that LOX expression was inhibited by an FGF autocrine pathway in the trans-

formed tumorigenic cells, where administration of suramin, a general inhibitor of growth 

factor receptor binding resulted in a reversible tenfold increase in LOX expression [107]. 

The anti-oncogenic effect of LOX in ras-transformed fibroblasts was likely due to its abil-

ity to inhibit signaling pathways that lead to activation of NF-κB transcription factor, a 

mediator of ras activity [108].

Interestingly, several groups have reported that LOX mRNA expression and en-

zyme activity was upregulated in highly invasive rat prostatic carcinoma cell lines, human 

cutaneous and uveal melanoma [3], invasive and metastatic breast cancer cell lines [2, 3], 

and metastatic breast tumors [4]. Conversely, poorly invasive MCF-7 cells overexpressing 

LOX show an increase in migration, indicating an important role for the enzyme during the 

course of epithelial-mesenchymal transition [4]. The dual role of LOX in tumor suppres-

sion and promotion will be discussed in the Lysyl oxidase in cancer section.

Although information on functions of LOX mostly came from studies conducted 

with mesenchymal cell types, increasing evidence supports the necessity of a more ade-

quate model to elucidate the novel roles of LOX in epithelial tissues as well. In this regard, 

it is important to refer to a recent study that showed expression, enzyme activity and the 

cytoplasmic localization of mature LOX in polarized epithelial MDCKII and MCF-10A 

cells [109]. These cell lines might serve as suitable model systems for addressing LOX’s 

novel role in epithelia.
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LOX enzyme function within the nucleus

Besides its cytoplasmic occurrence, nuclear localization of LOX has also been re-

ported in various cell types. First, the enzyme was detected within the nuclei of cultured 

murine 3T3 fibroblasts and rat aortic smooth muscle cells, and evidence on its catalytic 

activity inside the nucleus of the latter was provided [110]. Then the fully processed LOX 

was demonstrated to translocate from the extracellular space into the nucleus of vascular 

smooth muscle cells in a specific manner, independent of the enzyme’s catalytic activity, 

as intracellular uptake and distribution were unaffected by treatment with BAPN [111]. 

Additional data supported the presence of LOX within the nuclei of other cell types [66, 

112], and another member of the enzyme family, LOXL3 was detected in mouse liver pre-

dominantly in the nuclei of hepatocytes [113]. Interestingly, nuclear localization was dem-

onstrated for the Drosophila melanogaster lysyl oxidase (DmLOXL-1) as well in fruit fly 

embryos and adult salivary gland cells [114]. However, the mechanism by which LOX is 

transported into the nucleus is yet to be discovered. Evidence on LOX’s ability to both act 

on histone H1 as a substrate [92], and to bind to histones H1 and H2 [115] in vitro, also to 

modify chromatin structure [113, 116] provides a possible explanation for the nuclear role 

of the enzyme, supporting this way the possibility of LOX functions different from its ex-

tracellular crosslinking activity.

In respect to its nuclear localization, it is of special interest that lysyl oxidase was 

reported to act as a specific inducer of transcription activity of the human collagen III α1 

(COL3A1) promoter [117]. Experiments carried out in transfected monkey renal fibroblast 

(COS7) cells overexpressing the mature form of LOX showed a dramatic increase in 

COL3A1 promoter activity in a reporter gene assay when compared to the cells containing 

the vector without the LOX sequence. This inducer effect of LOX was abolished upon the 

administration of its specific inhibitor, BAPN. The Ku antigen heterodimer complex, 

which is involved in some of the main DNA repair and recombination processes [118, 

119], was identified as a possible mediator of LOX’s transcription-activator effect [117]. 

Lysyl oxidase in pathologic conditions

The expression and activity of lysyl oxidase have been reported to be altered in 

many human pathologies compared to normal conditions. The possibility of LOX’s in-

volvement in the pathogenesis of these diseases is supported by increasing evidence.
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Pathologies associated with reduced LOX activity

The disorders characterized by decreased lysyl oxidase activity include lathyrism, 

nutritional copper deficiency, and recessively inherited human genetic maladies such as the 

X-linked Menkes disease (OMIM 309400) with its milder form, the occipital horn syn-

drome (OHS, OMIM 304150) [32, 120, 121].

Lathyrism occurs upon the ingestion of Lathyrus odoratus (sweet pea) containing 

β-(γ-glutamyl)aminoproprionitrile that is metabolized to β-aminopropionitrile (BAPN) a 

specific inhibitor of LOX activity. Administration of BAPN, leads to abnormal cross-

linking of collagens and elastin, consequently lathyrism is characterized by kyphoscoliosis, 

bone deformities, weakening of the epiphyseal plates, tendons, ligament attachments, skin 

and cartilage, dislocation of joints, loss of teeth, hernias, and vascular rupture [122].

Copper is an essential cofactor of the lysyl oxidase isoenzymes, therefore decreased 

availability of copper in addition to affecting several copper-dependent enzymes, leads to 

diminished LOX enzyme activity and connective tissue defects as well as to manifestations 

closely resembling those of lathyrism [122]. Activity of lysyl oxidase has been demon-

strated to change in response to variations in dietary copper levels [123-125]. Decreased 

lysyl oxidase activity due to copper deficiency leads to diminished crosslink-formation 

accounting for the connective tissue defects in growing animals such as aortic aneurysms, 

bone fragility and internal hemorrhages [126, 127].

Menkes’ disease as well as OHS are due to mutations in the gene ATP7A, that en-

codes an ATP-dependent copper transporter [128, 129]. During normal copper metabolism, 

following ingestion, copper is absorbed in the small intestine, and stored in the liver. Bil-

iary excretion via the gall bladder is the major route of copper elimination from the body 

and a small amount of Cu is found in urine [130]. Both OHS and Menkes disease are char-

acterized by abnormal neural development, connective tissue abnormalities and death in 

infancy [131]. Manifestations in OHS include bladder diverticula with spontaneous rup-

tures, inguinal hernias, slight skin laxity and hyperextensibility, skeletal changes, such as 

occipital horn-like exostoses, and vascular tortuoisity. Manifestations in Menkes’ disease 

also include bladder diverticula, hyperextensibility and laxity of skin, and skeletal abnor-

malities, and the disease is characterized by neurological degeneration, mental retardation, 

and generalized arterial disease with grossly abnormal elastic lamellae. The accumulation 

of Cu in intestinal cells, kidney and vascular endothelial cells in the blood brain barrier in 

Menkes’ patients leads to Cu deficiency and defects in the activities of many Cu-dependent 

proteins [132], including lysyl oxidase. The reduced lysyl oxidase activity in these pa-
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thologies has been demonstrated in skin samples and cultured fibroblasts [120, 133, 134]. 

Fibroblasts from patients with Menkes syndrome and OHS do not secrete LOX into their 

medium or contain any significant amounts of a copper-deficient, catalytically inactive 

lysyl oxidase protein in their cytoplasms suggesting that the synthesis of LOX protein itself 

is impaired [135, 136]

Increased LOX activity in fibrosis

Fibrotic diseases present major medical problems such as disfigurement, progres-

sive disability and death. Pathological fibrosis can affect any organ or tissue, but it occurs 

most often in the lung, liver, kidney, and skin. Fibrosis by definition is the formation or 

development of excess fibrous connective tissue in an organ or tissue as a reparative or 

reactive process, as opposed to formation of fibrous tissue as a normal constituent of an 

organ or tissue. Fibrotic diseases are thus characterized by the excessive production, depo-

sition and contraction of the extracellular matrix components, especially insoluble collagen 

fibers [137]. An association between increased lysyl oxidase activity and organ fibrosis has 

been suggested in many experimental models including liver fibrosis [138-140], pulmo-

nary fibrosis [141-143], kidney [144], and myocardial fibrosis [145]. Therefore LOX has 

become the object of pharmaceutical research searching for molecular targets for the 

treatment of fibrosis. Initially, the treatment of fibrosis with the specific LOX-inhibitor 

BAPN seemed plausible, but due to its unacceptable toxic effect it proved to be not feasi-

ble  [146, 147].

Lysyl oxidase in cancer

Altered LOX expression and activity have been reported in various cancerous tis-

sues and neoplastic cell lines, and subsequently the enzyme was identified as a potential 

modulator of tumorigenesis and tumor progression. Recent studies have demonstrated the 

upregulation of LOX expression in breast carcinomas, central nervous system cancers, 

head and neck sqamous cell carcinomas, lung adenocarcinomas, melanomas, osteosarco-

mas and prostate adenocarcinomas [3, 148-153]. Elevated LOX expression is associated 

with the early stromal reaction in breast cancer as well [154], similarly to another member 

of the enzyme family, LOXL that has been localized to the site of de novo fibrinogenesis 

in early stromal reaction of breast carcinoma [155]. LOXL and similarly, LOXL2 have 

been implicated in breast tumor progression as both enzymes are expressed in highly inva-



22

sive breast cancer cell lines, although LOXL2 appears to have a stronger association with 

the invasive/metastatic phenotype observed [3].

LOX’s role in tumor progression in breast cancer was revealed when inhibition of 

the enzyme with either BAPN or antisense oligonucleotides to LOX mRNA resulted in the 

inhibition of in vitro invasion of highly invasive and metastatic breast cancer cell lines [3]. 

In addition, the poorly invasive MCF-7 breast tumor cells, when transfected with the mur-

ine LOX gene showed a 2-fold increase in invasiveness that was reversible by the admini-

stration of BAPN. Subsequently the involvement of a hydrogen peroxide-dependent 

mechanism was suggested to play a role in the regulation of cell migration in LOX-induced 

breast cancer invasion [4]. Erler et al. have demonstrated that the inhibition of LOX abol-

ished lung and liver metastases in an in vivo mouse model for breast cancer [151]. Recent 

evidence also suggested LOX’s implication in the process of epithelial-mesenchymal tran-

sition (EMT), a mechanism that facilitates cellular repositioning and redistribution during 

embryonic development, tissue reconstruction after injury, carcinogenesis, and tumor me-

tastasis [109].

These reports are somewhat conflicting with the previous findings describing LOX 

as a tumor suppressor. The contradictory findings of LOX’s role in tumor progression 

could be due to the different cell origins as LOX’s tumor suppressor function was studied 

in cells of fibroblast and mesenchymal origin, while it showed tumor-promoting activities 

in carcinomas, tumors of ectodermal origin. In addition, many factors could influence the 

cellular response to LOX expression such as cell differentiation stage, genetic patterns, 

availability of LOX substrates, and cell-cell or cell-ECM interactions. Interestingly, not 

only LOX has such a complex role in tumor progression, as another member of the enzyme 

family, LOXL2 was demonstrated to be downregulated in ras-transformed fibroblasts 

[156], head and neck squamous cell carcinomas [157], and serous ovarian carcinomas 

[158], while its upregulation was noted in highly tumorigenic, metastatic mouse squamous 

and spindle cell carcinoma [159], and invasive breast cancer cell lines [3], as well as in 

pancreatic cancers [160] compared to normal controls. Fong et al. demonstrated that these 

differences in LOXL2 expression are likely due to the stage of tumor progression, since an 

increase in LOXL2 expression was observed in less-differentiated colon and esophageal 

tumors, while in well-differentiated colon tumors significant decrease in the expression of 

the enzyme was observed [161].

Future studies are therefore needed to address the mechanisms by which LOX and 

other members of the enzyme family may contribute to the tumorigenic processes.
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During the course of our work we have identified human placental lactogen (hPL) 

as a LOX-interacting protein that might play a novel part in carcinogenesis, in concert with 

the enzyme. The following section gives a detailed introduction of the hormone hPL.

Human placental lactogen

In 1936 Ehrhardt was the first to describe lactogenic activity in the placenta [162]. 

Subsequent studies demonstrated the presence of a protein hormone in the placenta that 

had biological properties similar to that of human pituitary growth hormone and prolactin 

[163, 164]. This hormone was initially designated as human chorionic somatomammotro-

pin (hCS) [165], and most databases use the nomenclature chorionic somatomammotropin 

hormone (CSH). However, as a similar abbreviation hCS had previously been assigned to 

human citrate synthetase [166], the terminology “human placental lactogen” (hPL) is more 

widespread in the scientific literature.

The somatotropin/prolactin gene family

Human placental lactogen (hPL) is a member of the somatotropin/prolactin gene 

family, an evolutionary related gene family which includes human growth hormone (hGH) 

and human prolactin (hPRL). The hPRL gene is located on chromosome 6 [167], while the 

growth hormone gene cluster, that includes three hPL and two hGH genes, localizes to 

chromosome 17q21-24 [166, 168, 169]. All five genes within the cluster have the same 

transcriptional orientation and their arrangement is as follows: 5’- hGH-N (N is for normal) 

– hPL-1 (also known as hCS-L ; L for like) – hPL-2 (also named hPL-4, hPL-A, hCS-A or 

CSH-1) – hGH-V (V is for variant) – and hPL-3 (also referred to as hPL-B, hCS-B or 

CSH2) [170, 171]. The hGH and hPL genes share a common ancestral origin [172, 173]

and probably have evolved by gene duplication. Alignment of the genes reveals an identi-

cal molecular architecture: the transcriptional units are split by four introns, and their open 

reading frames exhibit perfect codon colinearity [174]. 90-95% sequence homology seen in 

exons, introns, 5' and immediate 3' nontranscribed regions reflects the recent divergence of 

the genes. The regions downstream of the polyadenylation sites in the genes for hGH and 

its variant, but not for hPL, contain members of an Alu family repeat sequence [175].

Expression of the growth hormone and placental lactogen genes

While hGH-N is expressed in the pituitary gland, the other four genes have been 

found to be active in the placenta under normal physiological conditions. Although, ex-

pression of hPL has recently been discovered in the ovaries and testes as well [176, 177], 



24

suggesting novel auto/paracrine functions for hPL in both the female and male reproduc-

tive system.

Alternative splicing generates several isoforms of each of the five hormones, lead-

ing to further diversity and potential for specialization. Differential splicing of the primary 

hGH-N transcript results in the generation of 22 kD and 20 kD isoforms with the former 

being the most abundant. The hGH-V gene has been demonstrated to be expressed as two 

alternatively spliced mRNAs in the placental syncytiotrophoblasts resulting in the expres-

sion of a cell-associated and a secreted protein product [178-180].

In a second intron 5’-splice donor site, characteristic to the other four genes, the 

hPL-1 gene contains a G to A transition which destroys the normal donor site, that explains 

initial data on the absence of hPL-1-derived cDNA in a screening of a human placental 

cDNA library [181]. However, this particular family member is in fact actively transcribed 

in placental villi, while alternative splicing suggests that the majority of the transcripts 

would be unable to express a secreted protein [182, 183].

The hPL-2 and hPL-3 genes are expressed throughout pregnancy, in increasing 

amounts approaching term [184] as the term placenta contains up to 5 times more hPL 

mRNA than a comparable quantity of first trimester tissue [183]. The hPL-2 and hPL-3 

mRNAs show a slight divergence in their nucleotide sequence, and their encoded pre-

hormones differ in a single amino acid of the signal peptide region as at position -24 hPL-2 

contains a proline, while hPL-3 contains an alanine. Nevertheless, the secreted protein 

products are identical [181].

The human placental lactogen protein

Human placental lactogen has been demonstrated to be a major protein component 

synthesized by the placental syncytiotrophoblasts as it represents about 5% of the total 

placental mRNA at term [174] and 2-4% of the total proteins [185]. The hormone can be 

detected by immunofluorescence 5-10 days following implantation in the syncytial layer 

[186, 187]. Three weeks post-fertilization, hPL can be detected in the maternal serum, and

its levels rise throughout pregnancy [188]. The half-life of hPL in maternal serum is 10-30 

min, which explains its rapid disappearance from maternal serum after delivery [189, 190].

Previous studies have revealed that the hormone is produced as a propeptide of 25

kD, that has a 26-amino acid signal sequence at its N-terminus [181]. Propeptide cleavage 

is associated only with a cell’s membrane-bound ribosomal fraction [191, 192], and this 

pre-hPL is secreted post-translationally [193]. The mature human placental lactogen is a 
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single polypeptide hormone of approximately 22 kD consisting of 191 amino acids with 

two intramolecular disulfide bridges [194] that has been shown to participate in the forma-

tion of biologically active homodimers in vivo [195-197]. In accordance with their com-

mon genetic ancestry and high nucleotide sequence identity, hPL exhibits 85% and 25% 

amino acid sequence homology to hGH and hPRL, respectively [198] (Figure 4).

Figure 4. Comparison of the amino acid sequences of the somatotropin/prolactin hormone family dem-
onstrates their homology. 
The signal peptides are underlined; the residues conserved in all three proteins are white with black high-
lighting; amino acids conserved in hPL and hGH only are black with grey highlighting.; “:” marks conserved 
substitutions; “.” marks semi-conserved substitutions.

Analysis of the 3D structure of the ovine PL reveals the long four-helix bundle 

structure, similar to that of hGH, with an up–up–down–down orientation of the four main 

helices as it is demonstrated on Figure 5 [199]. Subtle differences in packing of the protein 

results in a slightly more elongated oPL molecule than hGH. In addition, oPL contains a 

12-residue N-terminal extension. oPL and hGH also show a remarkable similarity of their 

receptor binding site as it is demonstrated by the molecular rendering of Figure 5.
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Figure 5. 3D structure comparison of ovine PL and human GH. 
Helices 1–4 are labeled on the ribbon diagram of the oPL molecule. The N-terminal extension on oPL is 
shown in yellow. Site 1 and 2 are the receptor binding sites exhibiting a high degree of similarity. Adopted 
from Elkins et al. [199].

hPL in physiological and pathological processes

Based on its structural similarity to hGH, several studies focused on the possible 

growth-promoting effects of hPL. Recent investigations using isolated human fetal tissues 

demonstrate that hPL has a direct somatotropic and metabolic effect. Hill et al. found that 

hPL, but not hGH promotes amino acid transport, [3H] thymidine incorporation, and mito-

genesis in cultured fibroblasts and myoblasts of fetal origin, suggesting that hPL may con-

tribute to the growth stimulus in human fetal connective tissues [200, 201]. In addition to 

its direct growth-promoting function, as it is suggested by substantial evidence, hPL likely 

influences fetal growth in an indirect manner by altering maternal metabolism as an insulin 

antagonist [189, 190]. Furthermore, hPL has been implicated in lipolysis as well. Human 

placental lactogen was shown to be lipolytic on adipose tissue from both pregnant and non-

pregnant women as adipose tissue explants and adipocytes released glycerol and nonesteri-

fied fatty acids upon hPL stimulation [202]. hPL also induces glucose uptake, oxidation 

and incorporation into glycogen, glycerol and fatty acids in adipocytes [203, 204]. The 

current model of hPL’s role in maternal metabolism is that the hormone increases glucose 

availability for the fetus by its insulin antagonist and lipolytic activity (Figure 6) [189].
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Figure 6. Physiological role of hPL during pregnancy.
hPL’s role in maternal metabolism is to increase glucose availability for the fetus by its lipolytic and insulin 
antagonist activity. (-), inhibitory effect. Adopted from Walker et al. [189].

Placental lactogen was named after its in vivo lactogenic effect observed in rabbits 

[163], although this activity has not been demonstrated so far in humans. Nevertheless, 

hPL possesses a mammotropic activity, as it has been reported to stimulate DNA synthesis 

in tumorous breast epithelial cells in vitro [205], and in human breast tumors maintained in 

athymic mice [206]. The role of PL in human mammary gland may be to stimulate cell 

proliferation rather than milk secretion.

Deletion of the hPL2 gene have been associated with the clinically and genetically 

heterogeneous Silver-Russell syndrome (SRS) [207], a congenital disorder characterized 

by intrauterine and postnatal growth retardation associated with dysmorphic features such 

as relative macrocephaly, a prominent forehead, a small triangular face, clinodactyly and 

asymmetry of head, limbs and trunk [208]. Data on hPL’s role in fetal growth has been 

ambiguous as one group reported that hPL was not essential for normal pregnancy [209], 

while according to another group, the complete lack of hPL production resulted in severe 

growth retardation of an otherwise normal baby [210]. Recent investigation has revealed 

hypomethylation of the telomeric imprinting region on chromosome 11p15, another chro-

mosomal region associated with SRS, that made the role of hPL deletion in the etiology of 

SRS unlikely [211].
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Ectopic expression of PL has been reported in many cases of malignant transforma-

tions such as esophageal neoplasms [212], in cases of lung cancer [213], in epithelial ovar-

ian cancer [214] and testicular germ cell tumors [215].

PL has also been implicated in breast cancer, although its significance remains un-

explored. Ectopic expression of hPL by human breast tumors have been reported by Sheth 

et al. [216]. All three PL genes have been shown to be amplified in 22% of breast carcino-

mas [217] and PL expression was demonstrated within tumors in 77% of the cases in this 

panel, while another study reported PL expression in 82% of breast tumors [218]. In addi-

tion, a trend was noted toward an increased incidence of lymph node metastases with am-

plification of the PL genes [217].

Interestingly, the other two members of the protein family, GH and PRL have been 

reported as potent oncogenes, acting through their receptors. Similarly, hPL is able to bind 

to and dimerize the growth hormone receptor (GHR) and prolactin receptor (PRLR). PL 

binds to the GH receptor (GHR) with lower affinity than GH [219] despite their significant 

(85%) amino acid sequence homology, yet PL binds to the PRL receptor (PRLR) with a 

similar affinity as hGH [219]. The PRL receptor mediates the growth and differentiating 

hormone effect of PRL in the breast. In breast cancer cells, stimulated PRLR activates sig-

naling cascades associated with cytoskeletal alterations and enhances membrane ruffling 

and cell motility, events that have been associated with the progression of mammary carci-

noma in vivo [220]. Epidemiologic evidence supports a role for PRL in the pathogenesis 

[221], progression [222], and poor prognosis of breast carcinoma [223, 224]. Although PL 

is expressed in a high percentage of breast carcinomas and can bind to PRLR, its expres-

sion and function in breast cancer cells has not been thoroughly investigated.
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SPECIFIC AIMS

Specific Aim 1. To determine the specificity of a LOX interaction with the yeast two-

hybrid positive protein placental lactogen, represented by multiple clones using yeast direct 

interaction studies.

Test the specificity of the interaction of the library proteins with the LOX bait pro-

teins in yeast by directly co-transforming various combinations of bait and target 

plasmids into yeast and assaying for reporter gene activation.

Specific Aim 2. To confirm and characterize the LOX-PL interaction in vitro.

a) Generate expression constructs for LOX and LOX fragments.

b) Express and purify recombinant LOX proteins in quantities sufficient for further 

in vitro biochemical experiments.

c) Perform in vitro binding analysis using pull-down and Far-Western assays.

d) Perform solid phase binding assays to measure the equilibrium disassociation 

constant (Kd) of the protein interaction, and determine LOX-binding affinity for 

hGH and hPRL, two related members of the hormone family.

Specific Aim 3. To investigate LOX-PL interactions  in vivo.

a) Test LOX and PL expression in breast cancer tissues by immunofluorescent 

staining and confirm their co-expression in mammary neoplasms that is also sup-

ported by data from the literature.

b) Identify an appropriate in vivo model to test the native LOX-PL complex using 

co-immunoprecipitation.

Specific Aim 4. To explore the effects of the identified LOX-PL protein interactions on the 

catalytic activity of LOX.

Perform enzyme activity assays in order to clarify the nature of the protein interac-

tions and determine whether it is an enzyme-substrate or enzyme-inhibitor/enhancer 

relation.

Specific Aim 5. To investigate the biological significance of the identified protein interac-

tions.

a) Generate stable cell lines overexpressing either LOX or PL or both of the pro-

teins for further phenotypic analysis.

b) Study the cellular phenotype including proliferative and migratory characteristics 

of the overexpressing cell lines in order to determine the biological role of the pro-

tein interaction.
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MATERIALS AND METHODS

Yeast Direct Interactions

Plasmid construction for yeast two-hybrid assays

A yeast two-hybrid screen was previously performed according to Clontech's Sys-

tem 3 protocol using a human placental cDNA library [225], which contained over 3.5x106

independent clones generated from human placental mRNA with oligo-dT primers as de-

scribed previously [55]. For the yeast direct interaction bait LOX constructs primers were 

designed to introduce EcoRI and BamHI restriction sites 5' and 3', respectively, to se-

quence-verified human LOX cDNA in order to clone the inserts into Clontech's pGBKT7 

vector (Figure 7) into EcoRI and BamHI sites downstream and in frame with the GAL4 

DNA-binding domain (GAL4-DB). 

Figure 7. Vectors pGBKT7 and pGADT7. 
Schematic diagram of the yeast expression vectors pGBKT7 and pGADT7 [225] used for the yeast two-
hybrid screen and the direct interaction studies.

The LOX cDNA template used was a plasmid expression construct pcDNA3.1-

LOX previously cloned in our lab to contain the complete LOX open reading frame (nt 1-

1254). 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-

LOX1–417, pGBKT7-LOX169–417, pGBKT7-LOX1–168, pGBKT7-LOX349–417, pGBKT7-

LOX1–348, and pGBKT7-LOX169–348, 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 
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pGBKT7-LOXL26–574 (amino acids 26–574), pGBKT7-LOXL-Nterm26–368 (amino acids 

26–368), pGBKT7-LOXL-Cterm338–574 (amino acids 338–574), pGBKT7-LOXL2-Nterm1–

547 (amino acids 1–547), and pGBKT7-LOXL2-Cterm548–774 (amino acids 548–774) were 

as shown in 

Table 1.

Primer Sequence Restriction Site

pGBKT7-proLOX F
5'-ACA TGC CAT GGT GAT GCG CTT CGC 
CTG GAC CG-3'

EcoRI

pGBKT7-proLOX R
5'-CGC GGA TCC CTA ATA CGG TGA AAT 
TGT GCA GC-3'

BamHI

pGBKT7-LOX F
5'-CCG GAA TTC GAC GAC CCT TAC AAC 
CCC TA-3'

EcoRI

pGBKT7-LOX R
5'-CGC GGA TCC CTA ATA CGG TGA AAT 
TGT GCA GC-3'

BamHI

pGBKT7-LOX1-168 F
5'-ACA TGC CAT GGT GAT GCG CTT CGC 
CTG GAC CG-3'

EcoRI

pGBKT7-LOX1-168 R
5’-TAT GGA TCC TTA GCC CAC CAT GCC 
GTC CAC-3’

BamHI

pGBKT7-LOX1-348 F
5'-ACA TGC CAT GGT GAT GCG CTT CGC 
CTG GAC CG-3'

EcoRI

pGBKT7-LOX1-348 R
5’-GC GGA TCC CTA ACT CAA TCC CTG TGT 
GTG TG-3’

BamHI

pGBKT7-LOX169-348 F
5'-CCG GAA TTC GAC GAC CCT TAC AAC 
CCC TA-3'

EcoRI

pGBKT7-LOX169-348 R
5’-GC GGA TCC CTA ACT CAA TCC CTG TGT 
GTG TG-3’

BamHI

pGBKT7-LOX349-417 F
5’-CCG GAA TTC CCT GGC TGT TAT GAT 
ACC TA-3’

EcoRI

pGBKT7-LOX349-417 F
5'-CGC GGA TCC CTA ATA CGG TGA AAT 
TGT GCA GC-3'

BamHI

Table 1. The primers used to amplify the LOX fragments

After PCR amplification, the inserts were digested and ligated into the pGBKT7 vector, 

and sequence-verified prior to transformation into the AH109 yeast. The AH109 genome

contains four GAL4-responsive reporter genes:ADE2, HIS3, lacZ, and MEL1. Following 

amplification and cloning into the pGADT7 vector the placental cDNA library obtained 

from Clontech was transformed into AH-109 yeast that contained pGBKT7-LOX1-417 (the 

full length protein) or pGBKT7-LOX169-417 (the mature enzyme), with an efficiency meas-

ured by dilutions of transformants on non-selective plates. Clones containing interacting 
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proteins were selected by growth on a drop-out minimal medium lacking leucine, trypto-

phan, histidine, and adenine and by activation of the lacZ gene. The positive clones were 

streaked multiple times on these selective plates to get single clones and to verify their 

growth under selective conditions. The library plasmids were isolated from the positive 

yeast clones and the cDNA inserts were sequenced using an ABI 310 capillary sequencer. 

The interactions of the identified positive clones were further characterized by performing 

direct co-transformations into AH109 yeast of various combinations of LOX, LOXL, and 

LOXL2 deletion constructs with the positive clones and with parallel empty vector con-

trols. These direct co-transformation assays also used selection based on HIS3 and ADE2 

reporter gene expression.

Plasmid Purifications from Yeast

To purify plasmids containing the positive clones from yeast, we used Quiagen 

Plasmid Mini Kit according to the manufacturer’s protocol. Yeast colonies isolated as posi-

tives from the two-hybrid screen were inoculated in 3 ml of WL- dropout media and incu-

bated at 30˚C overnight with shaking at 270 rpm. The next morning, 1.5 ml of the cultured 

cells were transferred to a microcentrifuge tube and centrifuged at 14,000 x g for 5 min to 

pellet the cells. The media supernatant was aspirated, and the cells were resuspended in 

150 µl of Buffer P1 (Resuspension buffer: 50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 100 

g/ml RNase A). To digest the yeast cell wall, 2 µl of Zymolase enzyme was added to the 

cell suspension and the sample was incubated at 37˚C for 60 min. 150 µl of Buffer P2 (Ly-

sis Buffer: 200 mM NaOH; 1% SDS) was added, then 150 µl of Buffer P3 (Neutralization 

buffer: 3 M KAc, pH 5.5), and the sample was incubated on ice for 5 min. The sample was 

centrifuged at 14,000 x g for 20 min at 4˚C to spin down the yeast proteins. The super-

natant containing the DNA was then transferred to a fresh microcentrifuge tube. The plas-

mid DNA was precipitated by adding 1/10th of the total volume of 3 M sodium acetate pH 

5.2, and twice the total volume of ice-cold 100% EtOH. The sample was mixed well, and 

frozen at -80˚C for 60 min. The sample was centrifuged at 14,000 x g for 20 min at 4˚C to 

pellet the DNA, and then the supernatant was aspirated. The DNA pellet was washed once 

with 70% EtOH, and air-dried. Finally the plasmid DNA was dissolved in 20 µl of TE 

buffer (10 mM Tris, pH 8; 1 mM EDTA).
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Yeast co-transformation 

The yeast co-transformation was performed according to Clontech's protocol [225]. 

A 50 ml culture of AH109 yeast strain [225] was grown in YPD medium (1% (w/v) yeast 

extract, 2% (w/v) peptone, 10% (v/v) dextrose) overnight at 30C with shaking, then was 

added to 250 ml of fresh YPD and incubated for 4 h until the OD600 was 0.5  0.1. The 

cells were pooled by centrifugation at 1000 x g for 5 min at room temperature and were 

resuspended in 25 ml of H2O. This suspension was centrifuged again at 1000 x g for 5 min 

at room temperature, and the cell pellet was resuspended in 1.5 ml of sterile 1x TE/LiAc 

solution (10 mM Tris-HCl, 1 mM EDTA, 100 mM lithium acetate, pH 7.5). To 0.1 ml of 

this competent cell suspension we added 0.1 g of DNA-BD-bait plasmid (pGBKT7-LOX 

constructs), 0.1 g AD-target plasmid (pGADT7-cl1, containing the full length PL se-

quence), 0.1 mg Herring testes carrier DNA and 0.6 ml of sterile PEG/LiAc solution (40% 

polyethylene glycol 4000, 1x TE/LiAc). After vortexing, the cells were incubated for 30 

min at 30C with shaking. Then 70 l of DMSO was added and the cells were heat-

shocked at 42C for 15 min. After being chilled on ice for 2 min, the yeast centrifuged for 

5 sec at 18000 x g, resuspended in 150 l of 1x TE and plated on selective WL- dropout 

plates. Individual colonies of successfully co-transformed yeast were restreaked onto WL-

master plates, and then restreaked onto AHWL- dropout plates. Subsequently, colonies of 

the co-transformants were suspended in the wells of a microplate in 100 μl 1x TE buffer. 

After measuring the OD at 595 nm, the concentrations were calculated and the samples 

were diluted to an identical final cell concentration. 5 μl of these yeast suspensions were 

spotted on AHWL- dropout plates in triplicates and incubated at 30˚C for 4 days. Differ-

ences in growth were the results of the different binding affinity of the interacting proteins, 

leading to different levels of reporter gene activation.

Bacterial protein expression

For in vitro and in vivo binding experiments we needed purified LOX protein, 

which is not available commercially. So we cloned the LOX gene fragments into the 

pGEX-4T-1 plasmid [226] (Figure 8) to generate bacterial expression constructs for LOX, 

proLOX, and various LOX cDNA fragments. The plasmid constructs were designed to 

produce LOX protein fragments with an N-terminal glutathione-S-transferase (GST) tag. 

The previously generated pGBKT7-LOX constructs used in the yeast direct interaction 

experiments were used as templates.
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Figure 8. The pGEX-4T-1 bacterial expression vector.
Schematic diagram of the construct used for the bacterial expression of the LOX gene fragments

Restriction enzyme digestion

The pGBKT7-LOX plasmids (pGBKT7-proLOX, pGBKT7-LOX, pGBKT7-LOX1-

168, pGBKT7-LOX1-348, pGBKT7-LOX169-348, and pGBKT7-LOX349-417), as well as the 

pGEX-4T-1 vector, were each restriction digested with EcoRI and SalI (New England Bio-

labs) enzymes. The double digestions were performed using EcoRI digestion buffer (50 

mM NaCl, 100 mM Tris-HCl, 10 mM MgCl, 0.025% Triton X-100, pH 7.5) with 100 

µg/ml BSA as recommended by the manufacturer. After incubation at 37˚C for 120 min, 

the digested DNA was analyzed by agarose gel electrophoresis to separate the digested 

fragments for following isolation of the inserts.

Agarose gel electrophoresis

The enzymatically digested samples were mixed with 6x loading dye (0.25% bro-

mophenol blue, 0.25% xylene cyanol, 15% ficoll), loaded onto an agarose gel (1,2% in 1x 

TAE with 0,5 μg/ml EtBr) and run at 100 V, 300 mA for 50 min. To determine the size of 

the separated DNA fragments, molecular weight markers (New England Biolabs) were run 

parallel with the samples. The gel was analyzed on a UV transilluminator with a Kodak 

EDAS 290 imaging system.
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DNA purification from agarose

After separation of the samples on agarose gel, we isolated the digested fragments 

from the agarose using the Geneclean Spin Kit (Q-BIOgene). We melted the gel slices con-

taining the plasmid DNA in 400 l of Geneclean Spin Glassmilk in a Geneclean Spin Filter 

at 55C for 5 min, while inverting a few times to prevent the settling of matrix. The liquid 

was centrifuged out of filter at 12 000 x g into a Catch Tube. We washed the filter with 

500l of Geneclean Spin New Wash solution, and then spun the wash out of the filter at 

12000 x g for 30 sec. After drying the pellet by centrifuging for 2 min at 12 000 x g, and 

transferring the filter into a fresh Catch Tube, we eluted the DNA by resuspending the 

Glassmilk on the filter in 20l of Geneclean Spin Elution Solution, and centrifuging for 30 

sec at 12 000 x g.

Ligation

For the ligation of the insert LOX DNA fragments into the pGEX-4T-1 plasmid we 

made a ligation reaction using a T4 DNA Ligase [227], according to the manufacturer’s 

protocol, in a total volume of 20 l, which contained 1x Ligation Buffer, 60 fmol of the 

digested insert DNA, 20 fmol of the digested vector DNA and 0.1 U of T4 DNA Ligase. 

We also performed a ligation reaction with the vector only as a negative control. To calcu-

late the appropriate amount of the insert and the plasmid DNA in a 3:1 molar ratio, we 

used the following formula:

y g DNA x   pmol    x   106 pg   x   1 =  z pmol DNA
     660pg           1g           N

N = the number of nucleotides and
660pg/pmol = the average molecular weight of a nucleotide pair
z = the amount needed in pmol; y = the mass of the DNA in g

The ligation reaction was incubated for 75 min at room temperature.

Bacterial transformation

To select the correctly ligated constructs, we transformed XL-1 Blue Escherichia 

coli bacteria (Stratagene) with the ligation reaction mix. We used 50 l of competent XL-1 

Blue Escherichia coli, added 1.7 l of -mercaptoethanol and incubated for 10 min on ice. 

After adding 2 l of the ligation reaction and incubating for 30 min on ice, we heat-

shocked the bacteria at 42C for 45 sec, then incubated the cells on ice for another 2 min. 
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Following this, the bacteria were incubated at 37C for 1 h with 950 l of LB media (1% 

(w/v) tryptone, 0,5 % (w/v) yeast extract, 1% (w/v) NaCl) to let the resistance gene be ex-

pressed. After shaking, we plated the bacteria on LB amp plates on which only the bacteria 

transformed with an intact plasmid carrying the appropriate antibiotic resistance could 

grow. Positive clones were streaked consecutively until single colonies were obtained.

Plasmid preparation

Purification of plasmids from bacteria is similar to the method used in yeasts. For 

recovering the plasmid constructs from bacteria we used the Qiagen Plasmid Mini Kit ac-

cording to the manufacturer’s protocol as described above in the “Plasmid Purifications 

from Yeast” section. After the plasmids were purified from the E. coli, we sequenced our 

samples to verify that the fragments were inserted into the correct reading frame. Upon 

sequence verification, the plasmids pGEX-proLOX, pGEX-LOX, pGEX-LOX1-168, pGEX-

LOX1-348, pGEX-LOX169-348, and pGEX-LOX349-417 were transformed into low protease 

BL21 E. coli strain.

Protein expression and extraction from soluble fractions

This protein expression/extraction method was based on the protocol from Amer-

sham [226]. We inoculated the BL21 bacteria containing the pGEX-LOX plasmids in LB 

media containing 100 g/ml ampicillin for overnight incubation at 37C. The next morning 

we diluted the overnight culture 1:10 with fresh media and grew the bacteria at 37C until 

the OD600 of the culture reached 0.6 (in about 2 h). We induced protein expression with 0.1 

mM isopropyl-1-thio--D-galactopyranoside (IPTG). After 2 h of induction, the bacteria 

were harvested from 1.5 ml of the culture by centrifugation at 18 000 x g for 2 min and 

resuspended in 200 l of CellLytic BII solution (Sigma). Samples were then vortexed for 2 

min. After centrifuging the samples at 4C, 18 000 x g for 5 min, the supernatant was col-

lected – this was termed the “soluble fraction”. To get all of the soluble proteins, the resus-

pension of the pellets was repeated 3 more times: first in the presence of endonuclease 

(Sigma) and lysozyme solution, and twice with lysozyme only. Each suspension was incu-

bated for 10 min at RT to allow optimal lysozyme activity. The final pellet of debris – the 

inclusion body fraction - was resuspended in 50 l of 2x Laemmli sample buffer (0.125 M 

Tris–HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, and 0.1 M DTT) for analysis.
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Protein expression from inclusion bodies 

The protein expression in inclusion bodies was carried out using a modified proto-

col that described in Jung [228]. The BL21 E. coli containing pGEX-LOX plasmids were 

grown in 300 ml of LB medium containing 100 g/ml ampicillin until the OD of culture 

was 0.6. For induction, 0.1 mM IPTG was added. After 4 h of induction the cells were har-

vested by centrifugation at 6000 x g for 20 min at 4C and resuspended in 6 ml of chilled 

lysis buffer (50 mM Tris, pH 8.0; 1 mM EDTA; 100 mM NaCl; 1 mg/ml lysozyme). Triton 

X-100 (1%) and DNase was added (0.1 mg/ml) to lysates and suspension was mixed for 60 

min at 4C. Sonication was repeated 3 times at 70% efficiency with a Fisher Scientific 

Sonic Dismembrator Model 100 sonicator while the samples were on ice. The inclusion 

bodies were then pelleted by centrifugation at 6000 x g for 20 min at 4C, washed with 

washing buffer (2 M urea; 10 mM K2HPO4, pH 8.2) and solubilized overnight at 4C with 

solubilizing buffer (8 M urea; 10 mM K2HPO4, pH 8.2; 2 mM -mercaptoethanol; 5 mM 

DTT).

Protein purification 

The protein purification was based on Amersham protocol for GST-fusion protein 

purification [226]. Since the pGEX-LOX constructs contain an N-terminal GST tag, we 

used its affinity to glutathione by utilizing Glutathione Sepharose 4B beads [226], that fa-

cilitated the purification of the glutathione-S-transferase-fusion proteins. For the purifica-

tion of the extracted soluble proteins we took 500 l of the samples, added 50 l of Glu-

tathione Sepharose 4B beads previously washed with 1x PBS and incubated the samples at 

4C for 1 h with rotating. After capturing the proteins, the samples were centrifuged for 15 

sec at 18 000 x g, and the beads were washed 3 times with 1x PBS. The washes and the 

flow-through were saved for further analysis.

For the purification of GST-fusion proteins from inclusion bodies, we used the 

same method after diluting the samples to reduce the urea concentration to 2 M by adding 

10 mM K2HPO4, pH 7.0. This purification was carried out in a larger scale, so 1.5 ml of 

Glutathione Sepharose 4B resin was used for each inclusion body extraction. Elution of 

purified proteins from the Glutathione resin was performed using 1.5 ml of solubilization 

buffer as detailed above, overnight at 4C.
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Bradford assay

To measure the concentration of the proteins extracted or purified we performed a 

Bradford protein assay, commonly used to determine the total protein concentration of a 

sample. In a 96-well Costar 3599 microwell plate we mixed 160 μl of the dilutions of BSA,

in a range of concentration 0-25 mg/ml, as a standard with 40 μl of Bradford reagent in 

triplicates. To measure the protein concentrations we mixed 40 µl of Bradford reagent with 

X µl of protein and (160-X) µl 1x PBS – X varies from 1 to 160 µl since the dilution of the 

protein sample was required for the resulting absorbance to fall within the linear range of 

the assay. We measured the absorbance at 600 nm using a BMG Polarstar microplate 

reader.

SDS-PAGE of the proteins

Equal amount of the proteins were dissolved in 2x Laemmli buffer and boiled for 5 

minutes, then chilled on ice for 5 min. SDS-polyacrylamide gel electrophoresis (SDS–

PAGE) analysis of the samples was carried out using discontinuous polyacrylamide gels 

(5% stacking gel; 10% resolving gel) according to the method of Laemmli [229]. The gel 

were run on Hoeffer miniVE protein gel apparatus for 2 h at 300 V and were stained with 

Coomassie Brilliant Blue solution (0.25% Coomassie Blue in 45% methanol and 10% ace-

tic acid) for 2 h, destained in destaining solution (35% ethanol and 10% acetic acid) 3 

times for 30 min each and rehydrated in 2% glycerol. The gels were dried on Whatman 

paper at 85C for 2 h using a Biorad Gel Dryer - Model 583 - with a Biorad Hydrotech 

Vacuum Pump.

Antibodies

For this study, we used an anti-LOX rabbit polyclonal antibody generated by Dr. 

Katalin Csiszar's lab and characterized previously [112]. We used this antibody for West-

ern blots at a 1:400 dilution. For detection of GST fusion proteins, an anti-GST mouse 

monoclonal antibody was used [165 05-311, Upstate Biotechnology]. For detection of pla-

cental lactogen, an anti-PL rabbit polyclonal antibody was used [165 NCL-PLp, Novocas-

tra Laboratories]. Anti-Src[pY418] and anti-GAPDH were purchased from Biosource Inc. 

(44-660G) and Abcam (ab22555), respectively. All commercial antibodies were used at 

their manufacturer recommended concentrations.
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Western blot 

Our protocol for Western blotting was based on the modified protocol of Towbin 

[230]. The purified protein samples were resolved by SDS-PAGE, as described above. The 

proteins were blotted onto a pre-treated Immobilion-P membrane (Millipore P-15552, 

Fisher) using a platinum Western Blot Transfer apparatus (Biorad) – 1 h at 2 mA/cm2. Af-

ter transfer, the membrane was blocked with 1x PBS; 0.1% Tween-20 (PBST); and 5% 

Carnation nonfat dry milk for overnight at 4C. After rinsing the membrane with dH2O 5 

times, and washing once with PBST for 5 min, we incubated the membrane with the ap-

propriate primary antibody in PBST for 1 h at room temperature. Each antibody’s working 

concentration was based on the manufacturer’s recommendation. The membrane was 

washed again as described above and incubated for 1 h at room temperature with the ap-

propriate secondary antibody conjugated to horseradish peroxidase (Jackson Laboratory). 

A dilution of 1:50000 in 1x PBST was used for secondary antibodies. The membranes 

were washed as described above, and finally once more with 1x PBS for 3 min. We used 

ECL Plus reagent (GE Healthcare, Amersham Biosciences) [226] for chemiluminescent 

detection: ECL reagent #1 and #2 were mixed in a 1:40 ratio, and we incubated the blots in 

this mix for 5 min. The blots were then exposed to autoradiograph film for 1-15 min or 

overnight. The film was developed and fixed using standard solutions.

GST pull-down assay

Our protocol was based on the modified protocol for GST pull-downs from the Mo-

lecular Cloning Manual – Protein-protein Interactions [231]. After capturing equal 

amounts of the GST-LOX fusion proteins and GST only as a negative control by incubat-

ing the proteins with 50 μl Glutathione Sepharose 4B beads at 4˚C for 1h with rotating, we 

incubated the captured fusion proteins with the target protein hPL at 50 g/ml for 1 h at 

RT. After this binding step, the beads were washed 3 times with 1 ml of 1x PBS, then 30 

l of 2x Laemmli sample buffer was added and the samples were analyzed either by SDS-

PAGE or by Western blotting.

Far Western analysis 

Our protocol was based on the modified protocol for Far Westerns from the Mo-

lecular Cloning Manual – Protein-protein Interactions [232]. Two microgram of each puri-

fied protein was resolved by SDS-PAGE as described above. The proteins were blotted 
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onto a pre-treated Immobilion-P membrane using a platinum Western Blot Transfer appa-

ratus– 1 h at 2 mA/cm2. To refold the proteins on the membrane, after blotting we washed 

the membrane with refolding buffer R6 (20 mM Hepes, pH7.7; 25 mM NaCl; 5 mM MgCl; 

1 mM DTT, 6 M guanidinium hydrochloride) twice for 30 min each at RT; then with re-

folding buffer R4 (20 mM Hepes, pH 7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 4 M 

guanidinium hydrochloride) once for 15 min at RT, then with refolding buffer R2 (20 mM 

Hepes, pH 7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 2 M guanidinium hydrochloride) 

once for 15 min and finally with refolding buffer R1 (20 mM Hepes, pH 7.7; 25 mM NaCl; 

5 mM MgCl; 1 mM DTT, 0.187 M guanidinium hydrochloride) twice for 15 min each. The 

membrane was incubated in refolding buffer R1 overnight at 4C with gentle shaking and 

then was blocked with 5% Carnation non-fat dry milk in PBST for 1 h at RT. The mem-

brane was then blocked with 3 M reduced glutathione in 2.5% Carnation non-fat dry milk 

in PBST for 1 h at RT. The membrane was washed 3 times in PBST for 10, 5 and 5 min; 

then was incubated with 5 g/ml of the target protein (PL) in PBST for 1 h at 4C. After 

washing again as above, the membrane was incubated with the appropriate primary anti-

body to the target protein. After washing with PBST 3 times for 10, 5 and 5 min, we incu-

bated the membrane with the secondary antibody-horseradish peroxidase labeled conjugate 

for 1 h at RT. After the final washes – 3 times in PBST for 10, 5 and 5 min then in PBS for 

3 min at RT - we used ECL Plus reagent for chemiluminescent detection as described 

above.

Solid Phase Binding Assay (SPBA)

This protocol was based on the protocol of A. Paul Mould [233]. The purified “re-

ceptor” protein was diluted to 10 g/ml in sterile 1x PBS, and bound to the wells of an 

ELISA microplate (Costar 3950) by incubating 100 l/well overnight at 4C. The wells 

were then blocked with 200 l of 1% BSA in each for 1h at 37C, and then we washed the 

wells with PBST 3 times. We incubated the bound proteins with the purified “ligand” pro-

teins in a range of concentrations (0.1-100 nM) for 1 h at RT. After removing the unbound 

“ligand”, we washed the wells with PBST 3 times and incubated with the appropriate pri-

mary antibody against the ligand protein for 1 h at RT. The wells were washed for 3 times 

with PBST, and incubated with the secondary antibody-horseradish peroxidase (HRP) la-

beled conjugate for 1h at RT. After washing the wells 3 times with PBST, QuantaBlu 

Working Solution (from QuantaBlu Fluorogenic Peroxidase Substrate Kit, Pierce) was 
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added to detect the peroxidase activity of HRP. The solution was excited at 320 nm and the 

emitted fluorescence was measured at 405 nm using a BMG Polarstar microplate reader.

Kd was calculated by Prism4 software based on these measurements.

Enzyme Activity Assay of bound LOX

This protocol was a modified version of Palamakumbura’s activity assay protocol 

[234]. A 96-well microwell plate (Costar 3950) was coated overnight at 4C with 100 l of 

BSA as negative control or PL. Each sample was done in quadruplicates. The wells were 

blocked with 1% BSA for 3h at 37C, washed with 0.1% BSA in 1x PBS and incubated 

with 100 l of ligand: purified bovine aorta LOX, generously provided by Dr. Herbert Ka-

gan, in various concentrations (0.1-100 nM) overnight at 4C. We washed the wells 3 

times with PBST, once with PBS and added the reaction mix to the wells: 1.2 M urea, 0.05 

M sodium borate, pH 8.2, 40 g of horseradish peroxidase, 0.25 mg sodium homovanillate 

(Amplex Red, Molecular Probes), 10 mM 1,5-diaminopentane. In the presence of horse-

radish peroxidase, hydrogen peroxide oxidizes homovanillate to give a fluorescent product 

with an excitation maximum at 564 nm and an emission maximum at 587 nm. The reac-

tions were incubated at 37C for 30 min, and the fluorescence was measured at 590 nm.

Immunofluorescent microscopy

Fixed human breast cancer tissues with corresponding normal tissues (AccuMax 

Array A712(II)) were obtained from ISU Abxis Co. Tissue sections were deparaffinized by 

incubation at 65 °C for 20 min and immersion in xylene three times for 15 min each. Re-

hydration 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 (anti-LOX 1:100, anti-hPL 1:200) in 5% normal goat serum in 

PBS for 2 h at room temperature, 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. The tissue sections were then either incubated with To-PRO-3 nuclear stain (Molecu-

lar Probes) for 15 min and mounted with Vectashield mounting medium (Vector Laborato-

ries), or simply mounted with Vectashield mounting medium containing DAPI nuclear 

stain. A Zeiss LSM Pascal confocal microscope was used for imaging.
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Cell lines and culture conditions

Immortalized mammary epithelial MCF-10A cells and breast cancer cell lines 

Hs578T, MDA-MB-231, MCF-7, and T47D were kindly supplied by Dr. Dawn 

Kirschmann (Department of Anatomy and Cell Biology, University of Iowa) and were 

maintained as previously described [235, 236]. Human embryonic kidney epithelial cells 

(HEK 293FT) were obtained from Invitrogen and maintained as recommended by the dis-

tributor [227].

Protein extraction from cultured cells

To evaluate expression of PL and LOX in the tumor cells, total protein from the 

cell lines’ conditioned cell medium (CCM) was extracted and analyzed by Western blot-

ting. Briefly, at ~70% confluence, the cells were washed with sterile 1x PBS and incubated 

in phenol red-free, serum-free medium for 48 h. The medium was then collected, and fol-

lowing removal of the cell debris by centrifugation, the protein concentration was meas-

ured using Bradford reagent (Bio-Rad). To a volume of CCM containing 20 µg of proteins, 

10 µl of Strataclean Resin (Stratagene) was added and mixed at room temperature for 10 

min to bind the proteins [237]. After pelleting the resin by centrifugation, the supernatant

was removed, the resin was resuspended in 10 µl of 2x Laemmli buffer, and the samples 

were boiled for 5 min before electrophoresis by SDS-PAGE.

Co-immunoprecipitation

For immunoprecipitation experiments, conditioned cell medium (CCM) from cul-

tured Hs578T breast cancer cells was collected from cultures grown under serum-free con-

ditions for 2 days post confluence, and the CCM was concentrated using Amicon Ultra 

tubes (Millipore). After preclearing the CCM by incubating it with 20 µl of TrueBlot anti-

rabbit IgG beads (eBioscience) for 30 min at 4°C, 3 ml of the sample was incubated with 3

μg 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 formation. The formed immunocomplexes were 

captured by the addition of 50 μl of TrueBlot anti-rabbit IgG beads and incubation for 1 h 

at 4 °C. The beads were then collected by centrifuging 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.
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Generation of stably transduced cell lines 

Lentiviral Constructs

PL and LOX were stably expressed in mammalian cells using the ViraPowerTM

Lentiviral Expression System (Invitrogen) [227] according to the manufacturer’s protocol. 

Forward PCR primers were designed to contain the additional 5’-CACC-3’ bases neces-

sary 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’ (forward) and 5’-CTAGAAGCC 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’ (re-

verse). For the LOX template, we used the previously cloned expression vector, 

pcDNA3.1-LOX, and for the PL-2 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 μl, which consisted of 1x PCR buffer, 125 μM 

dNTP, 0.5 μM 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, 

annealing 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 denaturation step for 5 min at 95°C. The amplified 

fragments were run on a 1,2% agarose gel and isolated from the agarose as described in the 

“Agarose gel electrophoresis” and “DNA purification from agarose” sections. 

TOPO cloning

For the cloning of the blunt-end PCR product we used the TOPO Cloning Kit from 

Invitrogen. We mixed 0,5 μl PCR (~ 1 ng DNA) product with 1 μl Salt Solution, 3,5 μl 

sterile water, and 1 μl TOPO vector (pLenti6/V5), and incubated this mixture for 5 minutes 

at room temperature, then proceeded with transforming the constructs into XL-1 Blue su-

percompetent E. coli as described in the “Bacterial transformation” section. To verify the 

transformation efficiency, we used the pUC19 plasmid as a positive control. The transfor-

mants were selected on LB medium containing 100 μg/ml ampicillin and 50 μg/ml blasti-

cidin (pLenti6/V5 constructs), and on LB medium only (pUC19). Six positive clones were 

selected from each transformation, and the plasmids were purified as described in the 

“Plasmid preparation” section. The positive clones were analyzed by both restriction en-

zyme digestion using BamHI and XhoI enzymes, and sequencing with the CMV forward 

and the appropriate reverse primers hybridizing within the insert.
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Production of viral particles

HEK293FT human embryonic kidney epithelial cells [227], used as hosts for the 

production of the desired lentiviruses, were maintained as recommended by the manufac-

turer, in high glucose DMEM with 10% fetal bovine serum (FBS), 0,1 mM MEM Non-

Essential Amino Acids (NEAA), 2 mM L-glutamine, 1% antibiotics/antimycotics with 500 

μg/ml Geneticin (complete medium).

These cells were co-transfected at 90% confluency with the pLenti6/V5-PL-2 or 

pLenti6/V5-LOX lentiviral DNA constructs and Virapower packaging mix using Lipofec-

tamine 2000 (Invitrogen) [227] as a transfection reagent. 

For each transfection sample, we prepared DNA-Lipofectamine™ 2000 complexes. 

In a sterile 5 ml tube, we mixed 9 μg of the ViraPower™ Packaging Mix and 3 μg of 

pLenti expression plasmid DNA (12 μg total) in 1.5 ml of Opti-MEM® I Medium without 

serum. In a separate sterile 5 ml tube, we diluted 36 μl Lipofectamine™ 2000 transfection 

reagent with 1.5 ml of Opti-MEM® I Medium without serum, incubated this mixture for 5 

minutes at room temperature, and combined the diluted DNA with the diluted Lipofec-

tamine 2000. To allow the DNA-Lipofectamine complexes to form, we incubated this mix-

ture for 20 minutes at room temperature. During incubation we prepared the HEK 293FT 

cells by detaching them from the cell culture flask using trypsine-EDTA (0,25% trypsine, 1 

mM EDTA), diluting them into the working concentration of 1,2x106 cell/ml with Opti-

MEM I medium with 10% FBS and incubating them in the CO2 incubator at 37C for 5 

min. Subsequently, we added the DNA-Lipofectamine™ 2000 complexes to a T75 tissue 

culture flask containing 5 ml of Opti-MEM® I medium containing 10% serum, and gently 

mixed with 5 ml of the 293FT cell suspension (6x106 total cells). The cells were then incu-

bated overnight at 37°C in a CO2 incubator. The next day, the medium was replenished 

with complete culture medium containing sodium pyruvate (i.e. D-MEM with 10% FBS, 2 

mM L-glutamine, 0.1 mM MEM Non-Essential Amino Acids, 1% penicillin/streptomycin, 

and 1 mM MEM Sodium Pyruvate). Virus-containing supernatants were harvested 72 

hours post transfection by removing medium to a 15 ml sterile conical tube. We pelleted 

cell debris by centrifuging at 3000 rpm for 15 minutes at +4°C and transferred the virus-

containing supernatants into cryovials in 1 ml aliquots. Viral stocks were stored at -80°C.

Titering the viral stocks

 To determine the titers of our lentiviral stocks, we chose to transduce our immor-

talized normal mammary epithelial MCF-10A cell line. The day before the transduction, 
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cells were plated in a 6-well plate such that they would reach 30-50% confluency at the 

time of transduction. On the day of transduction, the lentiviral stocks were thawed, and 10-

fold serial dilutions were prepared in complete medium in a total volume of 1 ml, concen-

trations ranging from 10-2 to 10-6. These dilutions were than added to one well of previ-

ously seeded cells each, in the presence of 6 μg/ml Polybrene. As a negative control, a 

mock-transduced well was included. Subsequently, the cells were incubated overnight at 

37˚C in a CO2 incubator. To select for transduced cell lines, the following day the medium 

was replenished with fresh complete medium containing 6 μg/ml Blasticidin. The medium 

was replaced with fresh complete medium containing antibiotic every 3 days. After 10 

days of incubation there were no live cells left in the mock-transduced well, but discrete 

antibiotic resistant colonies appeared in some of the dilution wells. The medium was re-

moved at this point, and the cells were washed twice with PBS. The cells were stained with 

crystal violet and the colonies were counted to determine the titer of the lentiviral stocks.

Viral transduction of MCF-10A cells

MCF-10A cells were seeded in 6-well plates at a density of 105 cells per well in 

complete medium and were incubated overnight at 37˚C in a CO2 incubator. The following 

day the lentiviral stocks were diluted in complete medium to a MOI (multiplicity of infec-

tion) of 0.01 in a total volume of 1 ml. The medium containing the viruses was added to 

the cells in the presence of 6 μg/ml Polybrene. After incubating the cells overnight at 37˚C, 

the medium was replenished with fresh complete medium. The following day this was re-

placed with medium containing 6 μg/ml Blasticidin enabling us to select for stably trans-

duced cells. The medium was replaced every 3-4 days until antibiotic resistant colonies 

could be identified. Clonal selection was performed using QuixellTM cell selection and 

automated transfer system (Stoelting Co.), the clonal cell lines were then maintained in 

complete medium containing 6 μg/ml Blasticidin. Expression of PL and LOX in the stably 

transduced MCF-10A cell lines was evaluated by Western analysis as decribed in the “Pro-

tein extraction from cultured cells” section. Individual clones that were determined to have 

the highest levels of expression of PL and LOX were selected for further experiments.

Immunofluorescent Staining of the Actin Cytoskeleton

Parental MCF-10A cells and stably transduced MCF-10A cells co-expressing PL 

and LOX were grown on coverslips to ~60% confluence. After fixing the cells in 4% for-

maldehyde in PBS for 10 min at room temperature, cells were treated with 0.1% Triton X-
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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 me-

dium, a Zeiss LSM Pascal confocal microscope was used for imaging.

Cell Proliferation Assay

Our protocol for measuring proliferation rates was based on Olsson’s photometric 

microassay [238]. Cells were seeded in two parallel 96-well plates in triplicates at 2000 

cells/well, and 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. 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 

bound to the cells. After 72 h, the same staining procedure was performed on the second 

plate. Colorimetric absorbance was measured at 620 nm using a POLARStar Optima mi-

croplate reader (BMG). Proliferation rates were calculated as the difference between the 

number of cells after 72 h and the initial number of seeded cells. Data were analyzed using 

Graphpad Prism4 software.

Cell Migration Assay

The in vitro cellular migration assay was based on the previously described mem-

brane invasion culture system assay (41). MCF-10A cells and stably transduced MCF-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-μm pore size) sus-

pended in a membrane invasion culture system chamber, whereas the chamber underneath 

the membrane contained complete medium. The cells were then incubated in a CO2 incu-

bator at 37°C for 4 h, fixed in methanol, and stained with hematoxilin-eosin, and the mi-

gratory cells were counted. The experiments were repeated three times, and data were ana-

lyzed using Prism4 software (Graphpad).
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RESULTS

Yeast two-hybrid screening

In order to identify novel interacting partners of lysyl oxidase that contribute to the 

enzyme’s non-classical functions, a yeast two-hybrid screen was performed in our labora-

tory. The expression of the lysyl oxidase gene family is high in placental tissues, and we 

assumed that using a placental library would be optimal for discovering proteins with 

LOX-binding ability. Two independent screens of a human placental yeast two-hybrid li-

brary were performed with the full-length 48-kDa pro-LOX (LOX1–417) and the 30-kDa 

mature LOX (LOX169–417) as baits. Following the transformation of pGBKT7-LOX1–417

and pGBKT7-LOX169–417 into yeast strain AH109, expression of the fusion proteins GAL4-

BD-LOX1–417 and GAL4-BD-LOX169–417 were confirmed by Western blot analysis (data 

not shown). Assays for expression of the reporter genes ADE2, HIS3, and lacZ showed no 

autonomous transcriptional activity induced by GAL4-BD-LOX1–417 or GAL4-BD-

LOX169–417 alone. Subsequently, the placental cDNA library was transformed into the yeast 

strains containing either the pGBKT7-LOX1–417 or the pGBKT7-LOX169–417 construct, and 

the cells were plated onto selective plates to screen for expression of the three reporter 

genes. Yeast colonies that expressed all three reporter genes were then isolated, and upon 

plasmid extraction, the library insert cDNA was sequenced. From the yeast two-hybrid 

screen with pro-LOX (LOX1–417), 7 of the 20 positive clones sequence-identified proved to 

be PL cDNAs. From the screen with the mature LOX (LOX169–417), 9 of the 39 positive 

clones sequence-identified were PL cDNAs. Most of the positive clones encoded the entire 

pre-PL protein of 217 amino acid residues, and all were identified as PL-2 transcript vari-

ant 1 (Figure 9). The expression of PL-2 and PL-3, which result in identical mature hor-

mones, is initiated and up-regulated in placental syncytiotrophoblasts during pregnancy, 

with the highest expression levels at term [171, 188]. The PL-2 gene transcript variant 1 

that contains all five exons of the gene encodes isoform 1, the most abundant full-length 

isoform of the hormone [183].

Figure 9. Representative DNA sequence of the yeast two-hybrid positive clones encoding PL-2 tran-
script variant 1.
The black box indicates the start codon, the red box shows the codon that differs in PL-2 (CCA) and PL-3 
(GCA), thus enabling us to distinguish the two transcripts.
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Verifying placental lactogen as a LOX-interacting protein

The yeast two-hybrid screens show a tendency towards false positive hits as a result 

of autonomous transcriptional activation by the bait protein or non-specific binding of li-

brary proteins. We have previously clarified that LOX had no autonomous transcription-

activating effect, therefore, as the next step, it was necessary to confirm that the detected 

interaction was indeed specific between LOX and PL. To confirm the specificity of the PL-

LOX binding as proposed in Specific Aim 1, and to further test which domain of LOX 

contains the PL binding site, several combinations of bait (Figure 10) and target plasmids 

were co-transformed into yeast that were spotted on nutritional dropout (Ade-/His-/Trp-

/Leu-/X-Gal – AHWL-/X-Gal) plates to test reporter gene activation and to maintain a se-

lective pressure on the bait and library plasmids (TRP1, LEU2).

Figure 10. The LOX and LOX-like deletion constructs used as baits in yeast direct interaction trials.
In addition to the original baits pGBKT7-LOX1-417 and pGBKT7-LOX169-417 other constructs were included 
to narrow down the possible site of interaction and to test if homologous LOX-like proteins would bind the 
same target protein. GAL4-BD: the GAL4 binding domain; blue rectangle: signal peptide; green rectangle: 
Cu-binding site; CRL: cytokine receptor-like domain; PRD: proline-rich domain; yellow rectangles: SRCR 
(scavenger receptor cystein-rich) domain.

Yeast were also co-transformed with combinations of LOX or PL proteins with 

empty plasmid vectors as negative controls (Figure 11 first lane and first row). A non-

interacting bait protein, nuclear lamin C, was also used as a negative control to show speci-

ficity of the PL interaction (Figure 11 second row). Only the yeast cells that contained 

fragments of LOX or proLOX (and in further experiments, fragments of LOXL and 
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LOXL2) that interacted with PL were able to grow on the nutritional dropout plates. 

Figure 10 shows the schematic diagram of the LOX deletion constructs used in the direct 

interaction studies. The bait constructs showing interaction with PL were proLOX (LOX1-

417), the mature protein (LOX169-417), and deletion constructs LOX1-348, LOX169-348, LOX169-

417. The yeast containing the proenzyme exhibited slower growth rate compared to that of 

the LOX1-348, LOX169-348, and LOX169-417-containing cells. This phenomenon might be due 

to the different folding of the GAL4-BD-proLOX interfering with the site of the LOX-PL 

interaction. Furthermore, the propeptide region of LOX (LOX1-168) alone did not interact 

with PL. While the presence of the propeptide domain in the construct LOX1-417 partially 

inhibited, in construct LOX1-348 had no effect on the interaction with PL. Initially we 

thought that the CRL domain would be a likely candidate containing the site of interaction, 

since it shows amino acid sequence homology with the extracellular domain of the cyto-

kine receptors to which placental lactogen binds in vivo. However, the LOX cytokine re-

ceptor-like (CRL) domain alone (amino acid residues 349-417), did not bind PL (Figure

11) in our direct interaction tests.

These data suggested that the interaction between LOX and PL was the result of 

specific binding, and that the possible PL-binding site of LOX is located between the 

amino acids 169-348. 

We further tested whether LOX-like proteins, LOXL and LOXL2, that share a high 

sequence homology with LOX within this putative binding region, could also bind to PL 

using the yeast two-hybrid system. The full-length LOXL, N-terminal half LOXL, C-

terminal half of LOXL, N-terminal half of LOXL2, and C-terminal half of LOXL2 (Figure

10) were cloned into the pGBKT7 bait vector and co-expressed with PL as described in 

methods. Expression of each bait protein was confirmed by Western blotting (data not 

shown). These bait vectors and the PL target plasmid were co-transformed into yeast that 

were then spotted on plates to test reporter gene activation. Yeast were also co-transformed 

with empty vector and lamin C controls as described above. The only bait positive for acti-

vating the reporter genes was the C-terminal portion of LOXL2 (Figure 11). The homolo-

gous domain of LOXL did not interact with PL enough to activate the reporter genes, sug-

gesting that PL specifically binds to a putative binding site within LOX and LOXL2.
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Figure 11. Yeast direct interaction studies 
Each field represents yeast spotted in triplicates and grown on AHWL- dropout plates. Only yeast containing 
the combination of interacting protein fragments were able to grow under the nutritional selection. The bait 
constructs are indicated on the left, while the prey constructs are on the top of the figure. Negative controls 
were the empty vectors pGADT7 and pGBKT7 and the non-interacting Lamin-C protein.

Bacterial expression of recombinant lysyl oxidase

For further in vitro experiments aimed to verify and characterize the interaction of 

LOX and PL, as proposed in Specific Aim 2, significant amounts of purified LOX protein 

was needed. As purified LOX is not available commercially, we needed to express the pro-

tein in a bacterial protein expression system. We chose to express LOX as a glutathione-S-

transferase (GST)-fused protein in E. coli bacteria. Expression of genes in E. coli offers a 

convenient system to produce large amounts of recombinant proteins that may otherwise 

be difficult to isolate from natural cells and tissues. In order to generate LOX, the LOX 

fragments used as bait in the yeast direct interaction studies were cloned into a pGEX-4T-1 

vector generating GST-LOX constructs this way which were expressed in E. coli bacteria 

(Figure 12).
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Figure 12. The GST-LOX constructs designed for bacterial protein expression.
The expected molecular weight of each fusion protein is indicated on the right.

The vector contained an ampicillin resistance gene (Ampr), an IPTG-inducible Ptac 

promoter upstream of the GST coding sequences, and a multicloning site with a thrombin 

cut site between the GST and MCS sequences (Figure 8). The thrombin site would allow 

proteolytic removal of the GST tag from the purified recombinant protein. Following 

EcoRI and SalI enzymatic digestion of all the pGBKT7-LOX constructs and the pGEX-4T-

1 vector, the digested plasmids were separated by agarose gel electrophoresis, and isolated. 

The LOX fragments were then cloned into the pGEX-4T-1 plasmid in frame with the GST-

tag and the thrombin cleavage site. Following transformation into XL-1 Blue supercompe-

tent E. coli, the plasmids were isolated and the successful cloning was verified by restric-

tion endonuclease digestion and agarose gel electrophoresis as well as by sequencing. The 

correct pGEX-LOX constructs and pGEX only were transformed into BL21 E. coli bacte-

ria, a strain with low protease levels optimal for protein expression. The pGEX would ex-

press the GST only which can be used a negative control in our subsequent binding ex-

periments. Following transformation the bacteria were incubated overnight in LB medium, 

diluted 1:10 and grown until the OD600 of the culture reached 0.6. The bacterial expression 

of the GST-fusion proteins was induced by adding IPTG to the culture at the log phase of 

growth. In our first effort we wished to induce the expression of the fusion proteins in their 

soluble form. Therefore we attempted to optimize the induction conditions by lowering the 
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temperature to 25°C, or using the lowest suggested concentrations of IPTG to decrease 

bacterial growth rate and inclusion body formation. We extracted the protein samples as 

different fractions: one soluble, three lysozyme soluble fractions and inclusion bodies. We 

analyzed our samples by SDS-PAGE and Western blotting to see whether the correct size 

fusion proteins were expressed. A representative Coomassie Blue-stained PAA gel is 

shown in Figure 13.

Figure 13. Representative SDS-PAGE gel of soluble bacterial proteins from E. coli expressing GST-
LOX fusion proteins. 
Stars indicate protein bands of correct molecular weight. The figure demonstrates the low levels of some of 
the recombinant proteins in these lysozyme-soluble (LS) fractions extracted in the presence of lysozyme.

We were able to express all GST-LOX constructs at the correct molecular weight 

except GST-LOX1-417, containing the full-length protein. Furthermore, despite our attempts 

to optimize growth conditions to increase the solubility of the fusion proteins, only GST-

LOX169-417, GST-LOX349-417, and GST-LOX169-348 were present in the soluble or lysozyme 

soluble fractions in any significant amount. GST-LOX1-348 and GST-LOX1-168 were found 

almost entirely in the inclusion bodies. Moreover, the recombinant proteins found in solu-

ble forms were present in the inclusion body fraction in much higher quantities than in the 

soluble fractions as it is shown on (Figure 14), which demonstrates the relative distribution 

of GST-LOX1-348 among the lysozyme soluble and inclusion body fractions with or without 

IPTG-induction.
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Figure 14. Western blot of the extracted GST-LOX1-348, using an anti-GST antibody.
The figure illustrates the relative distribution of GST-LOX1-348 between the lysozyme soluble and inclusion 
body-derived protein fractions. Interestingly, recombinant protein expression could be observed at a low 
level in the absence of the inducer IPTG. NI: non-induced, IPTG: IPTG-induced, LS1: lysozyme soluble 
fraction 1, IB: inclusion body fraction. The arrow shows the protein at correct molecular weight.

Due to the above mentioned limitations of soluble GST-LOX protein production 

and the insufficient quantities of the obtained fusion proteins, we decided to take another 

approach, and chose to extract the fusion proteins from inclusion bodies based on a similar 

protocol for His-tagged recombinant LOX [228]. This extraction method was carried out in 

a larger scale, with an increased IPTG-induction period of 4h. To extract the soluble pro-

teins first, we used lysis buffer, lysozyme and sonication. The remaining inclusion bodies 

were then solubilized in the presence of 8M urea. As such a high urea concentration dena-

turates the proteins, and therefore inhibits the binding between the GST-tag and the glu-

tathione beads, it was necessary to lower the urea concentration to enhance protein refold-

ing and purification as well. Based on the method previously published by Jung et al. 

[228], we first diluted our protein samples by adding 10 mM K2HPO4, pH 7.0 lowering the 

concentration of urea this way, and we attempted to purify the proteins from solutions of 

equal volume containing 6 M, 4 M and 2 M urea. The GST-LOX proteins were then puri-

fied using the binding affinity of the GST-tag to glutathione. The 2 M urea concentration 

proved to be optimal for protein purification, as it allowed renaturation of the GST-LOX 

recombinants and resulted in sufficient amounts of purified protein (Figure 15A and B). 

Using this method we were able to generate GST and GST-LOX proteins GST-LOX349-417, 

GST-LOX169-417, GST-LOX1-168, and GST-LOX169-348 from bacterial inclusion bodies 

(Figure 15C).
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Figure 15. Protein extraction and purification steps.
A - Representative Coomassie Blue-stained protein gel of GST-LOX fusion proteins extracted from bacterial 
inclusion bodies. B – Purification efficiency could be increased by decreasing the urea concentration of the 
protein extracts. C – Purified GST-LOX protein constructs, paralel samples. GST-affinity based purification 
proved to be highly efficient as we were able to obtain milligram quantities of the recombinant LOX pro-
teins.

In vitro assays confirm the binding of LOX and PL

Far-Western analysis

Having generated sufficient quantities of recombinant LOX protein fragments, we 

aimed to verify the interaction of PL with LOX, and performed different in vitro binding 

experiments. Far-Western blotting was initially used to screen protein expression libraries 

with a radiolabeled protein [239, 240], and is now widely applied for identification of pro-

tein-protein interactions such as receptor-ligand interactions. Far-Western blotting is simi-

lar to Western blotting. In Far-Western analysis, a “prey” protein (i.e. a GST-LOX protein) 

is separated by SDS-PAGE electrophoresis, transferred to a membrane and detected with a 

labeled or antibody-detectable “bait” protein, in our case hPL. During the blotting it is im-
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portant to conserve or restore the native conformation of the studied proteins, as the dena-

tured “prey” proteins might not be able to interact with the bait, or due to the altered dena-

tured conformation, false-positive interactions might occur. Therefore, following the trans-

fer of the proteins onto the membrane, we applied a renaturation step and incubated the 

membrane in decreasing concentration guanidinium-hydrochloride series. Briefly, equal 

volumes of purified GST-LOX169-417 fusion protein and GST alone as negative control was 

separated by SDS-PAGE, transferred onto a membrane, refolded, and incubated with hPL 

as bait. Using an anti-hPL antibody, we detected the PL bound to GST-LOX fusion pro-

tein. No hPL was detected in interaction with the negative control GST (Figure 16). We 

obtained the same result in three separate experiments. As a control, parallel membranes 

were stained with Coomassie Blue, to confirm the presence of both GST and GST-LOX on 

the membranes.

Figure 16. Far-Western analysis confirmed LOX-PL interaction.
Left panel - Far.Western blot with anti-hPL antibody. Right panel – Membrane stained with Coomassie Bril-
liant Blue for control.

Pull-down assay

We tested PL-LOX binding in GST pull-down assays. This method can be applied 

to confirm interactions between a probe and a known protein, where the probe protein con-

tains a GST-tag that helps purification by affinity chromatography on glutathione beads. 

Therefore we captured equal amounts of GST-LOX169-417, GST-LOX349-417 and GST only 

as a negative control using Glutathione Sepharose 4B beads, and incubated the immobi-

lized fusion proteins with purified hPL. Following removal of unbound proteins by wash-

ing the beads with 1x PBS, 2x Laemmli buffer was added, and equal amounts were re-

solved by SDS-PAGE. The bound hPL was detected using an anti-hPL antibody (NCL-
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PLp). As a positive control for immunodetection 1 μg of hPL was also resolved parallel 

with the samples. As Figure 17 demonstrates hPL was binding to GST-LOX169-417, con-

taining the mature enzyme, and to GST-LOX349-417, containing the cytokine receptor-like 

domain of the protein, but not to GST alone.

Figure 17. GST pull-down of human placental lactogen.
The star indicates the correct molecular weight hPL bands. This data reveals the binding of hPL to the CRL 
domain (GST-LOX349-417) GST-fusion proteins but not to GST alone

However, this method had its limitations. We were not able to control the amount 

of GST proteins captured, as their binding efficiency to glutathione is different. In addition, 

we could not control the quantities of proteins loaded onto the lanes of the SDS-PAGE 

gels. Therefore we could only verify that hPL does bind to the mature enzyme and to the 

CRL domain, but we could not draw any conclusion regarding the possible differences in 

its binding affinity to the different LOX fragments.

Solid phase binding assays

To further confirm the interaction of LOX and PL and to determine an equilibrium 

dissociation constant (Kd) for this binding, we performed solid phase binding assays based 

on a previously described protocol [241]. The assay in principle is similar to radioreceptor 

assays developed to determine the binding affinity of a radiolabeled hormone to its recep-

tor [242]. Equal amounts of the “receptor” protein were immobilized in the wells of an 

ELISA plate, and incubated with the “ligand” protein in a range of concentrations (0-

2000nM or 0-5000nM). After removing the unbound “ligand”, the bound protein was in-
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cubated with the appropriate primary and a horseradish-peroxidase (HRP) conjugated sec-

ondary antibody. The bound ligand was detected by measuring the peroxidase activity of 

the HRP.

To narrow down the possible site of interaction within LOX, we chose to study the 

binding affinity of the different LOX deletion constructs to hPL. Repeated experiments 

showed that the construct containing the mature enzyme exhibits the strongest affinity to 

hPL. The deletion construct of the mature enzyme without the CRL domain showed 

slightly lower binding affinity, the construct containing the pro-region a significantly lower 

affinity, while the CRL domain alone the lowest binding affinity to hPL (Figure 18).

However, we were not able to determine the Kd during these tests in the given range of 

concentrations.

Since PL is a member of the GH/PRL hormone family and shares sequence homol-

ogy with both GH and PRL, we investigated whether LOX could bind to GH and PRL as 

well. Replicate experiments showed that GST-LOX bound to immobilized PL with the 

highest affinity (Kd 30-120 nM) (Figure 18). Compared to its affinity to PL, GST-LOX 

exhibited a slightly lower binding affinity to GH (Kd 180-344 nM) and significantly less 

affinity to PRL. The Kd value for the GST-LOX–PRL interaction could not be established 

within the concentration range tested, and there was only minimal interaction of GST-LOX 

with the BSA control.

Figure 18. Solid phase binding assays determining binding affinities.
A: GST-LOX deletion constructs and GST as a negative control were immobilized in ELISA plates, hPL was 
added in a range of concentrations and detected by an anti-hPL antibody in an enzyme-linked immunosorbent 
assay. B: In microplate wells coated with PL, GH, PRL, or negative control BSA, various concentrations of 
GST-LOX169-417 were incubated. Bound GST-LOX fusion protein was detected with an anti-GST antibody. 
Measurements were performed in triplicates in both experiments. Error bars, S.E.
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Detection of PL and LOX expression in breast cancer tissues and cell lines

Our studies have previously demonstrated that the expression of LOX in the highly 

invasive and metastatic Hs578T and MDA-MB-231 breast cancer cell lines plays a role in 

their invasion and metastasis. In addition, we have shown that the active LOX induced a 

migratory/invasive behavior in the non-invasive and poorly metastatic breast cancer cell 

lines MCF-7 and T47D [3], and that in normal epithelial cells, overexpression of LOX 

triggered changes towards a mesenchymal, fibroblast-like phenotype [109]. PL expression, 

on the other hand, has not been previously investigated in these cell lines, even though the 

presence of the hormone has been detected in breast tumor samples at a high frequency 

[217]. First, we studied PL and LOX expression in breast tumor samples of tissue macroar-

rays using PL and LOX antibodies for immunofluorescent staining as proposed in Specific 

Aim 3. Briefly, the sections were deparaffinized, washed and incubated with the appropri-

ate primary and secondary antibodies. The latter were conjugated with green (FITC) or red 

(Rhodamine) fluorescent dyes. Following mounting, confocal microscopy was used for 

capturing the immunofluorescent staining. Five of the six tumor samples we analyzed 

showed LOX expression, and three of these stained for PL as well. In these tumor samples, 

both LOX and PL were detected within and surrounding tumor cells of epithelial origin 

(Figure 19).

A         B

Figure 19. Immunofluorescent staining of breast cancer tissue samples.
A: LOX staining is green, nuclear staining by propidium iodide is red. B: PL staining is red, nuclear staining 
is green. Both anti-LOX and anti-PL stainings show the intra- and pericellular localization of the proteins. 
Secondary antibodies only were used as negative controls.

Subsequently, in a search for an appropriate in vivo model to study the LOX-PL 

protein interaction, we tested if cultured breast cancer cell lines also expressed PL by 

Western blot analysis using total protein extracts from preconfluent culture media of cells 

grown under serum-free conditions for 2 days. As Figure 20 illustrates, PL is expressed in 

small quantities by T47D cells and in bigger quantities by the invasive and metastatic cell 
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lines Hs578T and MDA-MB-231, the non-invasive/poorly metastatic MCF-7 cells. PL was 

detected as an approximately 42 kD band from cell culture media. This is consistent with 

the molecular weight of a previously described homodimer form of the hormone [195]. 

Total protein extracts from the cell medium of the PL-expressing choriocarcinoma cell 

line, JAR were used as positive control for the immunodetection. In addition, elevated lev-

els of LOX mRNA expression has been previously reported in the malignant and invasive 

Hs578T and MDA-MB-231 cell lines compared to the less invasive MCF7 and T47D cells 

[3].

Figure 20. Expression of placental lactogen in human breast cancer cell lines.
PL was detected by Western blotting. It appears in a homodimer form of approximately 42 kD.

Demonstration of the native LOX-PL interaction

Based on the above results, we chose the Hs578T cell line expressing both LOX 

and PL for our further experiments to demonstrate native LOX-PL interactions in a cellular 

environment. Using the conditioned cell medium of invasive Hs578T cells, we performed 

co-immunoprecipitations (coIPs). The method is mostly used to identify interacting pro-

teins and complexes in cell lysates. In principle, the protein of interest believed to partici-

pate in an interaction is precipitated using the appropriate antibody, and the interacting 

partner captured can be identified. Once the protein-complex of interest is bound to the 

specific antibody it can be removed from the solution by an antibody-binding protein or a 

secondary antibody attached to some sort of a solid support such as agarose beads. Upon 

the removal of unbound proteins by consecutive washes, the binding of the target protein 

can be confirmed by immunoblotting. Immunoprecipitation is generally used in cell lysates 

as it requires relatively high protein concentrations. As both LOX and PL are secreted into 

and LOX is also processed in the extracellular space, we needed to use cell medium instead 

of cell lysates. For this reason it was necessary to modify the method so as to enable us to 

detect protein interactions in the cell medium. We decided to use a 10 kD-cutoff filter to 

concentrate our conditioned cell medium (CCM) samples by centrifugation increasing their 

protein concentration this way.
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In these trials we found that, using the anti-PL antibody, LOX could be co-

immunoprecipitated with PL, verifying the interaction of these proteins in the medium of 

the breast cancer cells (Figure 21). However, we could not immunoprecipitate the LOX-

PL complex using the LOX-antibody. We assume that interaction with PL might have in-

terfered with the LOX epitope and hindered the binding of the anti-LOX antibody to the 

enzyme. The anti-LOX antibody was designed to recognize an epitope that resides within 

the N-terminal region of the mature LOX (amino acids 176-197), overlapping with the 

hypothetical PL-binding site within LOX (amino acids 169-348). We could exclude any 

aspecific interaction as the negative control purified rabbit immunoglobulin did not im-

munoprecipitate LOX.

Figure 21. Co-immunoprecipitation demonstrates LOX-PL interaction in cell culture.
LOX immunoprecipitated with the anti-PL antibody, but not with the negative control rabbit IgG. However, 
the protein could not be captured by the positive control anti-LOX antibody, possibly because binding of PL 
interfered with LOX’s epitope.

PL is neither a substrate nor a regulator of LOX

Following in vitro and in vivo verification of the LOX-PL interaction, we became 

interested in its nature, whether it is an enzyme-substrate or enzyme-regulator relation. To 

clarify if binding to PL inhibits LOX amine oxidase activity, we performed an enzyme 

activity assay with bLOX, purified from bovine aorta, that had been previously incubated 

with an equal or double molar amount of hPL. Bovine LOX, either alone or in the presence 

of PL, was incubated with 1,5-diaminopentane substrate and the H2O2 released during the 

oxidative reaction was measured using Amplex Red and horseradish peroxidase [243, 

244].

Figure 22. Reaction scheme of lysyl oxidase enzyme activity assay.
The hydrogen peroxide released upon oxidative deamination of a LOX substrate can be quantified as in its 
presence, HRP converts Amplex Red into fluorescent resorufin.
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The LOX-inhibitor BAPN was used as negative control in parallel experiments to 

determine enzyme activity of LOX, and parallel reactions were tested in the absence of the 

substrate as well. LOX activity was calculated as the increase in fluorescence above con-

trols under BAPN inhibition. The results did not show any decrease or increase in LOX 

activity when in its PL-bound state, as compared with non-bound bovine LOX (Figure

23). The negative controls containing no substrate or the inhibitor BAPN show equally low 

levels of fluorescence, demonstrating that the fluorescence measured was due to the H2O2

release upon LOX’s enzymatic activity. Thus we concluded that binding to PL does not 

alter LOX’s catalytic activity, as it could be expected in an enzyme-regulator interaction.

Figure 23. Lysyl oxidase enzyme activity in the presence of hPL.
No loss of enzyme activity was observed when LOX was bound to hPL compared to the activity levels of 
LOX alone. Negative controls contained either no substrate (only H2O) or the specific inhibitor BAPN. Error 
bars represent Standard Error.

LOX has been reported to possess the ability to oxidize the lysyl residues of a se-

creted growth factor, basic fibroblast growth factor (bFGF) [93]. Hence we decided to test 

if LOX was able to oxidize lysyl residues of PL in vitro. Based on the experimental condi-

tions previously described for bFGF [93], we used a range of concentrations of PL as sub-

strate (0–1.8 µM). Purified bovine LOX was incubated with PL in the given range of con-

centrations and the quantity of H2O2 generated during the oxidative reaction was measured 

as described above. The results showed that PL was not oxidized at statistically significant 
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levels (Figure 24) as no significant difference could be observed in emitted fluorescence 

and therefore in H2O2 release between the samples containing PL as substrate or H2O as a 

negative control. In addition, when compared to the previous activity assay in which the 

enzyme activity of PL-bound LOX was tested, it is clear that the fluorescence levels in this 

latter experiment are similar to those of the negative and BAPN-inhibited controls of the 

former. Based on this data, we concluded that in these in vitro assays, PL is not a substrate 

for LOX, completing Specific Aim 4.

Figure 24. Activity of LOX against hPL as a substrate.
LOX did not show enzymatic activity against hPL, as fluorescence levels are comparable to those of the 
negative controls containing either no substrate or the inhibitor BAPN. Error bars represent Standard Error.

Investigation of the biological role for LOX-PL binding

Generation of cell lines stably expressing LOX and/or PL

The findings revealing co-expression of LOX and PL in highly invasive and metas-

tatic breast cancer cell lines inspired us to study the biological significance of this protein 

interaction in a cellular model, as outlined in Specific Aim 5. We chose to investigate the 

individual and combined effects of LOX and PL on cell phenotype and behavior by testing 

the proliferative and migratory characteristics of normal breast epithelial cells overexpress-

ing or co-expressing the proteins.

We used MCF-10A immortalized normal breast epithelial cells as the parental cell 

line and generated stably transduced cell lines. We elected to use a lentiviral system to in-

troduce our genes of interest into the MCF-10A cells because the lentiviral infections have 

the advantage of high-efficiency in delivering a target gene into both dividing and non-

dividing cells, and long-term stable expression of a transgene. Replication-incompetent 



63

lentiviral particles, containing cDNA for PL-2 transcript variant 1 (771 bp) and the full 

length LOX (1254 bp) in a pLenti-based expression vector, were generated in HEK297FT 

cells. Following antibiotics-sensitivity tests, MCF-10A cells were infected with the lenti-

viruses, and stably transduced cells were selected using 5 μg/ml blasticidin. Individual 

clones were isolated, expanded in culture and characterized. Since we only had a single 

antibiotics selection-system available, verifying the expression of the proteins and this way 

the integration of both PL and LOX sequences in co-transduced cells was necessary. To 

confirm expression of PL and LOX in these cell lines, proteins were extracted from the 

conditioned cell medium of preconfluent cultures grown under serum-free conditions for 2 

days, and submitted to immunoblot analysis.

Figure 25. Generation of cell lines expressing either or both of LOX and hPL.
Western blotting was used to determine the expression of the proteins in the isolated stable clones.

As Figure 25 demonstrates, two stably transduced clones showed elevated LOX 

(Figure 25A), four elevated PL expression (Figure 25B), and two clones co-expression of 

both proteins (Figure 25C). The parental MCF-10A cells do not express PL under normal 

conditions and show no detectable levels of LOX at preconfluent stage. In the cell medium 

of the stable PL-expressing clones, the hormone was predominantly present as a 21 kD 

monomer, however, the 42 kD homodimer form we observed previously in breast cancer 

cells was also present in small amounts. In our further experiments, clones PL cl1, LOX 

cl1 and PL-LOX cl1 were studied with the parental MCF-10A cell line as control, and the 

observations were confirmed with clones PL cl3, LOX cl3 and PL-LOX cl5 in repeated 

tests.
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Increased cell proliferation rates in cells co-expressing PL and LOX

PL has been reported to promote mitogenesis and in vitro [3H]-thymidine incorpo-

ration in cultured fetal fibro- and myoblasts [200], and augment DNA synthesis in epithe-

lial cells of human breast carcinoma [205]. Based on the above information we decided to 

test the effect of PL overexpression in stably transduced cell lines with particular interest 

on changes in proliferative attributes. Our proliferation assay was based on the use of me-

thylene blue dye that stains the cells attached to the surface of microplate wells. Upon lysis 

of the cells the amount of the dye released was quantified by measuring the absorbance of 

the cell lysate. As a point of reference, cells were seeded in two parallel triplicates and fol-

lowing attachment and removal of the non-attached cells, one set of triplicates was stained 

with methylene blue and the “zero time point” absorbance was measured. The second set 

of triplicates were incubated for 72h, and stained with methylene blue. The rate of prolif-

eration was calculated as the difference between the “zero time point” and the 72 h absorb-

ance values. MCF-10A cells expressing PL alone had a significantly higher (49% increase, 

p≤0.0001) proliferation rate as compared to the parental MCF-10A cells in proliferation 

assays (Figure 26).

Figure 26. Proliferation assays revealed that PL expression induced MCF-10A cell proliferation, and 
PL-LOX co-expression further enhanced cell proliferation.
2,000 cells from each cell line were seeded in the wells of two parallel microwell plates. After 72 h of incu-
bation, the measurement was performed on the second plate. Proliferation rate was calculated as the differ-
ence of the absorbance at 72 and 0 h. ***, p ≤ 0.0001. P values were calculated using pairwise t-tests. These 
results were confirmed in repeated experiments. Error bars represent Standard Error.

LOX has not yet been reported to influence cell proliferation in any cell types. In 

fact, LOX overexpression did not lead to a significant increase in proliferation of the LOX 
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transduced cell lines compared to the control parental cell lines. We observed, however, 

that co-expression of LOX and PL resulted in a proliferation rate significantly higher than 

either the parental (121% increase, p≤0.0001) or the PL-expressing (47% increase, 

p≤0.0001) cell proliferation rate. These results suggested that the co-expression of LOX 

with PL enhances the proliferation-inducing effects of PL.

Co-expression of PL and LOX induces cell migration

Elevated LOX expression has been demonstrated to contribute to a migratory and 

invasive phenotype in breast cancer cell lines [4, 245]. Therefore, we tested if LOX over-

expression in the stably transduced normal breast epithelial MCF-10A cells also resulted in 

migration, and investigated if LOX-PL co-expression had any effect on the migratory abili-

ties of these cells. As a preliminary study, we chose to use phalloidin staining to visualize 

the actin cytoskeleton of our parental and transduced MCF-10A cells, as the possible rear-

rangement of the actin cytoskeleton would have enabled us to conclude if any changes to-

ward a more migratory phenotype had occurred. Phalloidin is a toxin from Amanita phal-

loides, which binds actin, preventing its depolymerization, and therefore in a fluorophor-

conjugated form it can be utilized to detect the cellular distribution of actin. The cells from 

each cell line were thus seeded on glass coverslips and grown until approximately 60% 

confluency. Upon fixation with formaldehyde, the cells were permealized, blocked in a 

BSA solution, and stained with fluorescence-conjugated phalloidin. High resolution im-

ages of the phalloidin-stained cytoskeleton were captured by confocal microscopy.

We have found the rearrangement of the actin cytoskeleton and the appearance of 

numerous, longer filopodia, in the PL and LOX expressing cell lines as well as in the PL-

LOX co-expressing cell line compared to the parental MCF-10A cells (Figure 27) which 

had fewer and shorter filopodia.
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Figure 27. PL and LOX expression in MCF-10A cells leads to rearrangement of the actin cytoskeleton.
The actin cytoskeleton in MCF-10A and stably transduced cells was stained with FITC-conjugated phal-
loidin. Expression and co-expression of PL and LOX resulted in actin cytoskeleton rearrangement and forma-
tion of numerous filopodia in transduced cells compared with parental MCF-10A. Scale bars, 10 μm. 

These cytoplasmic projections are characteristic of a migrating cell. The above al-

terations of the actin cytoskeleton indicated changes towards a migratory phenotype in the 

stably transduced cells. Subsequently, migratory properties of the cells were evaluated and 

quantified in cell migration assays.

With the cell migration assays, we investigated the ability of our transduced and pa-

rental cell lines to migrate through a polycarbonate filter coated with gelatin. Breast epithe-

lial cells individually expressing PL or LOX did not show significantly different levels of 

migration compared to the parental MCF-10A cells. In contrast, the LOX-PL co-

expressing cell line exhibited a strong migratory phenotype and had significantly higher 

migratory rates than the parental (240% increase, p=0.0038) or the LOX overexpressing 

(93.5% increase, p=0.0052) cell lines (Figure 28).
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Figure 28. Migration assays used to determine migratory rates of parental and stably transduced cell 
lines.
50,000 cells were seeded on a gelatin-coated polycarbonate membrane in triplicates and were allowed to 
migrate for 4 h. The cells were then fixed, stained, and counted. PL-LOX co-expression led to a significantly 
higher migratory rate (240% increase) compared to the parental cell line MCF-10A. The expression of either 
PL or LOX alone did not significantly increase cell migration. Error bars represent Standard Error. **, p ≤ 
0.005. *, p≤0,01.

These results were confirmed in three independent experiments, and similar data 

were obtained using the other overexpressing and co-expressing clones. These results indi-

cated that LOX and PL co-expression, was capable of inducing a strong migratory pheno-

type in normal breast epithelial cells, while the overexpression of either LOX or PL alone 

had no such consequence. These data revealed that, unlike in non-invasive breast cancer 

cells, overexpression of LOX in normal breast epithelial cells does not have a migration 

and invasion promoting effect.
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DISCUSSION

In our previously performed yeast two-hybrid screens we have identified the preg-

nancy-specific hormone, placental lactogen as an interacting partner of lysyl oxidase. Al-

though the yeast two-hybrid screening is a widely-used tool for identification of protein-

protein interactions in a large scale, it holds the possibility of high percentage of false posi-

tives estimated by some to be up to 50% [246]. This can be due to many aspects of the 

screen as the overexpression and therefore the abundance of the studied proteins in yeast, 

the possibility of inaccurate posttranslational modifications of mammalian proteins in 

yeast, or expression of two proteins that would not be present in the same cell under 

physiological conditions can all result in false positive interactions. For this reason, it is 

necessary to confirm the yeast two-hybrid screen data by using other, more reliable meth-

ods as well.

In yeast two-hybrid screens, using the mature and the full-length enzyme as bait, 

we found a high representation of PL cDNAs among the LOX-binding positive clones 

(23% of clones for the mature and 35% for the full-length LOX form). Considering that PL 

mRNA accounts for only approximately 5% of the total placental mRNA produced at term 

[174], we could exclude that the high ratio of LOX-interacting PL clones present was due 

to the abundance of PL cDNA in our placental cDNA library.

Both PL isoforms hPL-2 and hPL-3 are expressed during pregnancy. In term pla-

centas the hPL-2 transcripts have been found to be more abundant, possibly due to in-

creased expression levels compared to that of hPL-3 [247]. Consistent with this observa-

tion the cDNA clones identified in our screen were all clones of PL-2 transcript variant 1. 

This variant encodes the most abundant PL-2 isoform that contains all five coding exons of 

the gene.

Supporting its specificity, the interaction was additionally confirmed in yeast direct 

interaction trials. We used these experiments not only to verify our yeast two-hybrid screen 

data but to define the possible PL-binding site within LOX. Initially, we hypothesized that 

LOX’s C-terminal cytokine receptor-like domain would contain the site of interaction as it 

shows homology to the N-terminal extracellular domain of the cytokine receptor super-

family. The consensus sequence C-x9-C-x-W-x26-32-C-x10-13-C (C - cystein, W - tryp-

tophan, xn - a defined number of any amino acid) conserved in human LOX and LOXL 

proteins is the consensus sequence of the extracellular ligand-binding domain for many 

receptors for cytokines as well as prolactin and growth hormone [20, 248]. As human pla-

cental lactogen binds the class 1 cytokine receptors for both prolactin and growth hormone 



69

(PRLR and GHR, respectively) [219], the interaction of LOX’s CRL domain with hPL 

seemed likely. However, the CRL domain itself did not exhibit any binding affinity to hPL 

in our yeast direct interaction studies. Cytokine receptors contain two barrel-shaped do-

mains within their extracellular region, the CRL domain within LOX however lacks the C-

terminal barrel module as it has been revealed by amino acid sequence analysis [11]. It 

seemed possible that this truncated cytokine receptor domain of LOX was not sufficient for 

binding PL.

Like the CRL domain, the propeptide region of LOX had no detectable binding af-

finity to PL either. It was interesting to observe that while the CRL region did not interfere 

with the protein interaction, the presence of the propeptide proved to have a partial inhibi-

tory effect on LOX-PL binding, as yeast containing the full length LOX (i.e. the mature 

LOX with the propeptide, LOX1-417) grew at a slower rate than yeast containing the mature 

enzyme lacking the propeptide (LOX169-417), indicating lower levels of reporter gene ex-

pression and thus a weaker protein interaction. On the other hand the presence of the 

propeptide in assays using deletion construct LOX1-348 did not influence the LOX-PL bind-

ing to a measurable extent.

These discrepancies of data obtained in different assays might be the result of im-

proper folding and/or posttranscriptional processing of the mammalian proteins in yeast, a 

known drawback of the experimental system. Based on the yeast direct interaction data, the 

PL-interacting domain of LOX appears to be located between amino acids 169 and 348. 

However, further confirmation of these findings was needed, and no final conclusion could 

be drawn concerning the site of interaction based solely on these data. Since this interact-

ing fragment of LOX includes a region highly homologous among the LOX family mem-

bers, the so called LOX domain, we also investigated the interaction of PL with fragments 

of LOXL and LOXL2. In the yeast direct interaction studies, only LOXL2 showed binding 

to PL, but not LOXL. Interestingly, the enzymes binding PL, LOX and LOXL2 but not 

LOXL have both been implicated in tumorigenic processes, as detailed in the Lysyl oxi-

dase in cancer section. Nevertheless, because of the above discussed drawbacks of the 

method, verification of this data was needed.

Following these studies, we decided to establish the nature of the LOX-PL interac-

tion in in vitro experiments. For these trials we needed significant amounts of the purified 

LOX. Although the purified form is not commercially available, the enzyme can be iso-

lated from many different tissues such as piglet skin, human placenta or bovine aorta as it 

has been reported previously [14, 15, 18]. Since protein isolation from tissues does not 
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yield quantities sufficient for the proposed biochemical trials, we had to revise our strategy 

and find an alternate solution. We therefore chose to express LOX deletion constructs in E. 

coli fused with an N-terminal GST-tag that would enable rapid, affinity-based purification 

of the protein using solid carrier-bound glutathione. First, we attempted to isolate LOX 

fusion proteins in a soluble form These trials had their limitations, as we observed protein 

degradation that we were not able to eliminate and in addition, many of the LOX fusion 

constructs were present not in soluble form but in the inclusion body fractions. As success-

ful production and purification of recombinant LOX proteins from E. coli expression sys-

tems had been reported, we decided to purify LOX from inclusion bodies based on meth-

ods described previously [69, 228]. We were able to generate significant amounts of GST-

LOX following this protocol. To reconstitute the recombinant proteins we tried refolding 

them by dialysis against Cu2+-containing K2HPO4 buffer to ensure incorporation of the 

Cu2+-cofactor that is essential for proper folding and catalytic activity. While the protocol 

we adapted reportedly yielded active recombinant LOX [69, 228], we were not able to de-

tect any enzymatic activity of our recombinants. Still the expressed LOX proteins seemed 

to be in a conformation similar to that of native LOX because they showed binding affinity 

to LOX substrates.

Having generated sufficient amounts of recombinant LOX and its deletion con-

structs, we proceeded with biochemical studies intended to characterize the LOX-PL bind-

ing. Our data validated the interaction in in vitro assays. Furthermore, information on the 

PL-binding site of LOX in pull-down and solid phase binding assays was obtained. We 

demonstrated that the CRL domain did have a binding affinity for PL (see GST-LOX349-417

in Figures 17 and 18A) that could not be detected in previous yeast direct interaction trials. 

In addition, solid phase binding data suggested that the CRL domain may participate in PL 

interactions, in concert with a more N-terminal binding site of LOX, since the presence of 

the CRL domain in the GST-LOX construct (GST-LOX169-417) significantly increased 

binding affinity to PL compared with the GST-LOX construct lacking this domain

(GST_LOX169-348) (Figure 18A).

Our results also revealed that lysyl oxidase was able to bind not only hPL but the 

highly homologous hGH and the less homologous hPRL, additional members of the soma-

totropin/prolactin hormone family. Among their numerous biological roles, hGH and hPRL 

are required for normal mammary gland development [249]. Increasing evidence supports 

a role for both GH and PRL in breast cancer development as well [223, 250-252]. As no 

such interaction have been reported previously, further investigations are needed to reveal 
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the biological significance of these hormone-enzyme interactions in physiological as well 

as pathological processes such as breast neoplasm formation.

Our in vitro activity assays intended to characterize the LOX-PL binding and shed 

light on the characteristics of this protein interaction. Binding affinity of LOX to PL 

proved to be two orders of magnitude lower than its affinity to the tropoelastin and type I 

collagen substrates of the enzyme as determined by Fogelgren et al. [55]. We have clarified 

that despite LOX’s ability to oxidize lysyl residues reported for the growth factor bFGF 

[93], the native enzyme does not oxidize any of the nine lysyl residues present in human 

placental lactogen as a substrate. Even though we conducted these trials using LOX iso-

lated from bovine aorta, we hypothesize that human lysyl oxidase is acting in a similar 

manner, as bovine and human LOX share an overall amino acid sequence homology of 

approximately 89% with the catalytic domains showing the highest degree of homology 

and no substrate differences were noted between human and bovine LOX.

In addition, we have determined that binding to PL has neither an inhibitory nor a 

stimulatory effect on the enzyme activity towards cadaverine (1,5-diamino pentane) as 

substrate. Based on these results we assumed that the PL binding site is not overlapping 

with the enzyme’s catalytic site.

As both LOX and PL expression has been detected in breast cancer tissues by oth-

ers [4, 217], we chose to test a tissue macroarray to evaluate their possible co-expression in 

tumor samples of mammary origin. Of the six tumor samples tested three showed co-

expression of our proteins of interest that supported the previous findings. We demon-

strated the presence of both proteins in breast cancer tissues, and we became interested in 

evaluating this binding in vivo and investigating the possible role of the LOX-PL interac-

tion in breast cancer. Despite its involvement in breast tumors, PL expression and function 

has not yet been characterized in tumor cell lines of mammary origin. Therefore, we tested 

PL-expression in breast cancer cell lines, and found that the highly invasive and metastatic 

cells did express PL in addition to LOX. Moreover, we were able to verify the interaction 

in vivo by co-immunoprecipitation, and we were confident that the interaction can indeed 

occur in tissues. These results gave rise to our hypothesis that the in vivo LOX-PL binding 

might contribute to tumorigenic processes. To test our theory we chose to investigate if the 

overexpression of either or both LOX and PL had any effect on immortalized normal 

breast epithelial cells as breast carcinomas originate from the epithelium of the mammary 

gland.
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Placental lactogen reportedly induces cell proliferation, but such effect has not been 

attributed to LOX. Thus, we decided to investigate if PL had similar effect in normal breast 

epithelium and if LOX would alter hPL’s such effect. Supporting previous data on hPL’s 

cell proliferation promoting function [200, 201, 206, 253], we observed significantly ele-

vated proliferation rates as a result of PL overexpression in stably transduced normal breast 

epithelial cell lines. The molecular mechanism of how PL triggers cell proliferation re-

mains to be elucidated. It is likely, however that the hormone exerts its effect via growth 

hormone or prolactin receptors. GHR and PRLR are present in normal mammary epithe-

lium and breast cancer cells [254-258], and PL has been demonstrated to bind to both re-

ceptors [219]. Activation of GHR results in signal transduction via the JAK/Stat pathway, 

predominantly through JAK2/Stat5 activation, and leads to cell proliferation in MCF-10A 

cells [251]. On the other hand, hPL signaling via the GHR has not been reported so far. It 

is possible that hPL primarily acts by binding not the growth hormone but the prolactin 

receptor, as it has a higher affinity for the latter [219]. Activation of the PRL receptor 

stimulates JAK2/Stat5 signaling as well as MAPK and Src/FAK kinase cascade that ulti-

mately induce proliferation as it has been previously demonstrated in breast cancer cell 

lines T47D and MCF7 [259]. A similar signaling pathway has been demonstrated for 

mouse PL (mPL)-I which upon binding PRLR activated JAK2-mediated proliferation in 

Nb2 cells [260]. Furthermore, PL was shown to stimulate tyrosine phosphorylation of 

JAK2 and induce the JAK-STAT pathway in breast carcinoma cells [261]. We suggest that 

the high rate of proliferation observed in PL-overexpressing cells is due to activation of 

these signaling pathways. Although LOX has been reported to activate Src/FAK signaling 

in a hydrogen-peroxide mediated fashion in breast cancer cell lines [4], no proliferation-

inducing effect have been observed so far. On the contrary, previous studies have shown 

that genetic inhibition of LOX increases cell proliferation [262]. In addition, LOX is capa-

ble of reducing the mitogenic potential of bFGF by oxidizing it [93]. In our experiments, 

however, PL did not prove to be a substrate of the enzyme, and proliferation was not nega-

tively affected by LOX, since the LOX-expressing clones did not show any change in cell 

proliferation compared to parental cells, and the cell lines stably co-expressing PL and 

LOX demonstrated a significant increase in proliferation compared not only to parental but 

to PL-expressing cell lines as well. Therefore we hypothesize that this increase was not due 

to separate effects of the proteins but a result of their interaction. The exact mechanism by 

which LOX-PL interaction may promote such processes remains to be investigated.
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We evaluated the effects of LOX and/or PL overexpression on another significant 

cellular process, cell migration. As LOX promotes migration in breast carcinoma cell lines 

[3, 4] and murine breast tumors [151] via FAK/Src signaling, we hypothesized that it 

would have similar effects in normal breast epithelial cells. It is important to note that 

MCF-10A cells express LOX in cell culture [109], therefore these cells are capable of 

processing and activating the ectopic LOX. On the other hand, PL has not been implicated 

in cell migration so far, therefore we became interested if PL would modify LOX’s effect 

on the MCF-10A cells. Phenotypic changes were examined first by staining the actin cy-

toskeleton.  We expected to find altered filament organization as a hallmark of altered cell 

motility. We observed the rearrangement of the actin cytoskeleton and the formation of 

numerous filopodia in all stably transduced cell lines, including those that expressed PL 

only, compared to the parental cell line. Filopodia are cytoplasmic projections that extend 

from the leading edge of migrating cells, and are characteristic of growth cones involved in 

axon development and fibroblasts participating in wound healing. These findings prompted 

us to further investigate the migratory abilities of these cell lines.

Migration assays revealed, that although MCF-10A cells are able to process ectopic 

LOX, and overexpression of the enzyme leads to formation of filopodia, LOX was not suf-

ficient to induce a migratory phenotype in normal cells unlike in the poorly invasive, non-

metastatic breast cancer cell line MCF7. We hypothesized that the effect of LOX may be 

moderated in normal MCF-10A cells or that LOX may have different function in normal 

breast epithelial and breast carcinoma cells. PL has not been implicated in cell migration so 

far, and our normal breast epithelial cells stably overexpressing PL did not exhibit any sig-

nificant increase in their migratory abilities either. Previous findings demonstrated that 

activation of the prolactin receptor leads to membrane ruffling, cytoskeletal changes, and 

increased cell motility in breast cancer cell lines MCF7, MDA-MB231 and T47D cells 

[220]. In partial agreement with this study, we observed rearrangement of the actin cy-

toskeleton, although alterations in cell migration were not noted in our trials. The LOX and 

PL co-expressing cells on the other hand did show a significant increase in their motility 

compared to the PL or LOX overexpressing and the parental cell lines, in addition to cy-

toskeletal rearrangement and formation of numerous filopodia. Assuming that both LOX 

and PL acted through the FAK/Src signaling cascade and independently induced tyrosine 

phosphorylation and activation of FAK/Src, we would observe similar doubling of migra-

tory rates in the co-expressing cell line. Yet neither LOX, nor PL alone induced a signifi-

cant increase in cell migration, making the additivity of their effects unlikely. It is possible, 
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however, that FAK/Src activation by PL via PRLR led to cytoskeletal changes that primed 

cells toward a motile phenotype, although it was not sufficient to induce cell migration. 

Additional FAK/Src activation by LOX therefore possibly contributed to the emergence of 

a more migratory phenotype. Furthermore, it is also possible that LOX-PL interaction en-

hanced signaling to an extent where it was sufficient to induce cell motility in normal 

epithelial cells. The exact mechanism by which the LOX-PL interaction triggers highly 

migratory phenotype is to be evaluated in further studies.

Co-expression of LOX and PL occurs in Hs578T and MDA-MB231 breast cancer 

cell lines, where they likely contribute to their highly invasive and metastatic phenotype. 

LOX and PL are co-expressed in the choriocarcinoma cell line JAR as well, that is also 

migratory and invasive [263]. Furthermore, under physiological conditions, PL and LOX 

are both expressed by placental trophoblasts, and may possibly contribute to the tro-

phoblast invasion. Similarities of trophoblast and cancer cells have been emphasized by 

recent research results. Although the placenta is a normal tissue, its trophoblastic cells have 

been described as pseudo-malignant cells because they exhibit high cell proliferation, lack 

of cell-contact inhibition, migratory and invasive properties as well as capacity to escape 

effectors of the immune system, especially during the first trimester of pregnancy. The 

emerging hypothesis is that trophoblastic and cancer cells use comparable mechanisms and 

similar molecular mechanisms in their proliferative, migratory and invasive processes. The 

PL-LOX interaction may possibly be a member of the molecular circuits shared by 

“pseudo-malignant” invasive trophoblasts and invasive breast cancer cells. Therefore, the 

comparison of signaling pathways in placental trophoblasts and tumor cells is essential to 

reveal the signaling cascades and key molecules implicated in the invasion and migration 

processes.

Our results collectively demonstrate an important role for the LOX amine oxidase 

in epithelial cell behavior in novel interactions with a somatotropin/prolactin hormone 

family member, placental lactogen, and show that these interactions may be highly relevant 

to the transition of epithelial cells toward a migratory phenotype during the development 

and progression of breast carcinoma.
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SUMMARY

Introduction

Breast cancer is the most common cancer among women, as it is diagnosed in 

1x106 women in the world each year. The incidence of breast tumor development in 

women differs with age, mammary gland mass and exposure to endogenous and exogenous 

hormones. However, the function, molecular regulation, and interaction of genetic altera-

tions in carcinogenesis, as well as those of tumor cell migration and invasion, and metasta-

sis of breast carcinomas are not fully understood. As metastasis is a major challenge in 

cancer treatment, determination of molecular markers of metastatic potential and therefore 

understanding the process of metastatic tumor progression are important. Recently, com-

prehensive transcriptome profiling of normal breast, noninvasive breast tumor and invasive 

breast cancer cell lines identified lysyl oxidase (LOX) as a possible marker gene based on 

its differential expression. In addition, upregulated LOX expression and activity have been 

reported in breast cancer tissues and invasive/metastatic breast cancer cell lines as well.

Lysyl oxidase (LOX), a copper-dependent amine oxidase, contributes to the assem-

bly and maintenance of the extracellular matrix (ECM) by initiating the formation of cova-

lent cross-links in collagen and elastin. Besides its matrix-stabilizing function, LOX has 

recently been shown to play a role in cell motility, transcriptional regulation, embryonic 

development and several pathological conditions including breast cancer. Lysyl oxidase 

has been primarily recognized as a matrix-crosslinking enzyme; hence regulators and in-

teracting factors contributing to its novel role in breast cancer development and progres-

sion are yet to be discovered. The goal of this work was to identify novel LOX-interacting 

partners that likely promote its function during tumorigenesis, and to characterize such 

interactions and evaluate their biological significance.

A previously performed yeast two-hybrid screen using a human placental cDNA li-

brary and both full-length and processed active form of LOX as baits identified placental 

lactogen (PL) as a possible interacting partner. PL, a member of the growth hormone 

(GH)-prolactin (PRL) hormone family, stimulates mammary gland development, lacto-

genesis and the growth and metabolism of the fetus. PL is expressed in the placental 

syncytiotrophoblasts under normal conditions, but its expression was shown in 77% of 

invasive ductal carcinomas, and the amplification of the PL genes has been reported in 

22% of the cases. While PL was reported to promote epithelial cell proliferation in breast 

carcinomas, its role in breast tumors is not fully understood.
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Specific aims

Upon the identification of a novel LOX-interacting partner, placental lactogen that 

likely promote LOX’s function during tumorigenesis, the goal of this work was to charac-

terize such interactions in vitro and in vivo and evaluate their biological significance.

Methods

E tanulmány során a korábbi élesztő két-hibrid vizsgálataink által kimutatott lizil oxidáz-

placentális laktogén fehérjekölcsönhatást igazoltuk és jellemeztük. A biokémiai analízishez 

rekombináns GST-LOX deléciós konstruktumokat klónoztunk, majd a fúziós fehérjéket 

Escherichia coliban termeltettük és tisztítottuk. Az élesztő direkt kölcsönhatás-vizsgálatok, 

a szilárd fázisú kötési vizsgálatok és a pull-down kísérletek igazolták a LOX-PL kölcsön-

hatást in vitro, illetve a kötési affinitás is meghatározásra került. Enzim aktivitási mérések-

kel teszteltük az interakció hatását a LOX katalitikus működésére. A fehérjék expresszióját 

immunfluoreszncenciával határoztuk meg egy konfokális mikroszkóp segítségével emlőrák 

eredetű szövetmetszetekben. Western blot analízissel teszteltük a fehérjék expresszióját 

emlőrák sejtvonalakban, az in vivo kölcsönhatást koimmunoprecipitációval vizsgáltuk. 

Immortalizált, normál emlő epitelium eredetű sejtvonalakat lentivirális vektorokkal 

transzdukáltunk, ezzel a LOX és/vagy a PL túltermelésére késztetve őket. Ezt követően a 

LOX és a PL túltermelésének egyedi és együttes, a sejtek viselkedésére gyakorolt hatását 

analizáltuk ezen sejtvonalakon. A proliferatív eltéréseket proliferációs tesztekkel, a mo-

tilitásbeli eltéréseket először az aktin citoszkeleton lehetséges átrendeződését feltáró fal-

loidin festéssel, majd migrációs esszékkel tanulmányoztuk.

Results

Results from our direct interaction studies, pull-down assay, Far-Western analysis 

and solid phase binding assays supported LOX binding to PL and suggested binding to GH 

and PRL as well. In addition, in vitro amine oxidase activity assays showed that PL is nei-

ther a substrate nor an inhibitor of LOX. Since increased expression and enzyme activity of 

LOX have been reported in highly invasive and metastatic breast cancer cell lines as well 

as in metastatic breast tumors, and PL has been shown to be expressed in breast carcino-

mas, we tested their expression in tissue sections of mammary carcinomas and breast can-

cer cell lines. Using fluorescence-labeled immunostaining on a tissue macroarray, we de-

tected LOX and PL expression in and around tumor cells. Subsequently, we tested protein 

expression of breast cancer cell lines, and found elevated PL expression in highly invasive 
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MDA-MB231 and Hs578T cell lines, where LOX expression was also increased. Further-

more, we showed PL expression in poorly invasive MCF-7 and T47D cells at elevated and 

low levels, respectively. Since the highly invasive and metastatic breast cancer cell lines 

express both PL and LOX, we decided to study their individual and combined effects on 

cell behavior by overexpressing and co-expressing these proteins in immortalized normal 

breast epithelial cells. LOX plays a role in promoting cell migration, while PL was shown 

to induce cell proliferation, thus we tested these processes. Stably transduced MCF-10A 

normal mammary epithelial cells co-expressing PL and LOX had significantly increased 

proliferation rates compared to the parental and the PL-expressing cells, while LOX alone 

had no effect on proliferation. Therefore, the co-expression of LOX with PL appears to 

enhance the proliferation-inducing effect of PL. Co-expressing cells in addition showed a 

significantly higher migratory rate compared to cells expressing either or none of these 

proteins. Our results demonstrated that LOX, in addition to promoting tumor cell invasion 

through a H2O2-induced FAK/Src activation that we have described earlier [3], may further 

induce tumor cell migration in interaction with PL by activating independent signaling.
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ÖSSZEFOGLALÓ

Bevezetés

Az emlőrák a nők körében leggyakrabban előfordulő rákos megbetegedés, évente 

1x106 nőt diagnosztizálnak világszerte mellrákkal. Az emlődaganatok kialakulásának 

kockázata a nőkben az életkortól, az emlőmirigy tömegétől és endo- illetve exogén hor-

monhatásoktól függően eltérő lehet. Ugyanakkor a tumorigenezist kiváltó, genetikai vál-

tozásokból eredő  molekuláris mechanizmusok, kölcsönhatások és azok regulációja, illetve 

a tumorsejtek migrációjának, inváziójának valamint a karcinómák áttétképződésének pon-

tos molekuláris folyamatai még nem tisztázottak. Mivel az áttétek keletkezése a rák 

gyógykezelésében komoly kihívást jelent, a metasztatikus képességet jelző molekuláris 

markerek azonosítása és az áttétes tumorképződés folyamatának megértése kiemelkedő 

fontosságú.

A közelmúltban egy normál, non-invazív emlő tumor és invazív emlőrák 

sejtvonalakon végzett, átfogó transzkriptóma-elemzés során a lizil oxidázt (LOX) eltérő 

expressziója alapján potenciális  marker génként azonosították. Ezen felül a LOX 

emelkedett expresszióját és enzimaktivitását figyelték meg mellrák szövetekben és in-

vazív/metasztatikus emlőrák sejtvonalakban. A lizil oxidáz (LOX), egy extracelluláris 

amin oxidáz, ami a kollagén és elasztin keresztkötésének első enzimatikus lépését katali-

zálja. A LOX tehát fontos szerepet tölt be az extracelluláris mátrix (ECM) kialakulásában, 

szerkezetének fenntartásában, ezáltal a normális kötőszöveti működésben, az embrionális 

fejlődésben és a sebgyógyulásban. A lizil oxidáz fő ismert funkciója az extracelluláris 

mátrix komponenseinek keresztkötése, így azon szabályozó és kölcsönható faktorok, 

melyek hozzájárulnak az enzim újonnan leírt, mellrákban betöltött funkciójához, még 

felderítésre várnak.

Korábbi élesztő két-hibrid szűréseink a lizil oxidáz és a terhesség-specifikus hor-

mon, a placentális laktogén (PL) interakcióját mutatták ki. PL a szomatotropin-prolaktin 

hormoncsalád tagja, mely normál körülmények között a placenta szinciciotrofoblasztjaiban 

termelődik, és a laktogenezisben valamint a magzat növekedésében és fejlődésében játszik 

szerepet. A növekedési hormonhoz és a prolaktinhoz hasonlóan a placentális laktogén ex-

presszióját is leírták már emlő eredetű tumorokban. Ugyanakkor a tumorképződésben 

betöltött szerepe, hasonlóan a LOX-PL kölcsönhatás szerepe ezekben a folyamatokban 

még tisztázásra vár.
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Célkitűzés

A kutatás célja a lizil oxidáz, a fent említett patológiás folyamatokban potenciálisan 

közreműködő szubsztrátjainak és regulátorainak élesztő két-hibrid szűréssel történt azono-

sítása után, a fehérje-kölcsönhatások kísérletes igazolása, valamint ezen interakciók bio-

kémiai jellemzése, biológiai szerepük elemzése normál és patológiás folyamatokban.

Módszerek

E tanulmány során a korábbi élesztő két-hibrid vizsgálataink által kimutatott lizil 

oxidáz-placentális laktogén fehérjekölcsönhatást igazoltuk és jellemeztük. A biokémiai 

analízishez rekombináns GST-LOX deléciós konstruktumokat klónoztunk, majd a fúziós 

fehérjéket Escherichia coliban termeltettük és tisztítottuk. Az élesztő direkt kölcsönhatás-

vizsgálatok, a szilárd fázisú kötési vizsgálatok és a pull-down kísérletek igazolták a LOX-

PL kölcsönhatást in vitro, illetve a kötési affinitás is meghatározásra került. Enzim ak-

tivitási mérésekkel teszteltük az interakció hatását a LOX katalitikus működésére. A fehér-

jék expresszióját immunfluoreszncenciával határoztuk meg egy konfokális mikroszkóp 

segítségével emlőrák eredetű szövetmetszetekben. Western blot analízissel teszteltük a 

fehérjék expresszióját emlőrák sejtvonalakban, az in vivo kölcsönhatást koimmunopre-

cipitációval vizsgáltuk. Immortalizált, normál emlő epitelium eredetű sejtvonalakat lenti-

virális vektorokkal transzdukáltunk, ezzel a LOX és/vagy a PL túltermelésére késztetve 

őket. Ezt követően a LOX és a PL túltermelésének egyedi és együttes, a sejtek 

viselkedésére gyakorolt hatását analizáltuk ezen sejtvonalakon. A proliferatív eltéréseket 

proliferációs tesztekkel, a motilitásbeli eltéréseket először az aktin citoszkeleton lehetséges 

átrendeződését feltáró falloidin festéssel, majd migrációs esszékkel tanulmányoztuk.

Eredmények

A LOX és a PL kölcsönhatását az élesztő két-hibrid szűrések után in vitro módszerek-

kel igazoltuk, és a LOX fehérjén belül a PL-kötő helyet a 169-348 aminosav rágióra szűkí-

tettük le. Ugyanakkor valószínű, hogy a kötés stabilizálásában a LOX citokin receptor-

szerű (CRL), C terminális  doménje is szerpet játszik. Emellett megállapítottuk a fehérjék 

kötődésének affinitását (Kd = 30-120nM), mely két nagyságrenddel bizonyult alacso-

nyabbnak az enzim szubsztrátjai felé mutatott affinitásánál. Az irodalmi adatokkal össz-

hangban a két fehérje expresszióját igazoltuk mind mellrák szövetmintákban, mind emlő-

rák eredetű sejtvonalakban. Azt találtuk, hogy az invazív és erősen metasztatikus emlőrák 

sejtvonalak nemcsak a lizil oxidázt, hanem a placentális laktogént is emelkedett szinten 
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termelik. Az egyik ilyen rákos sejtvonalban végzett koimmunoprecipitációval bizonyítot-

tuk in vivo interakciójukat is. 

Mivel az erősen invazív és metasztaikus sejtvonalakban mindkét fehérje termelődik, 

úgy döntöttünk, megvizsgáljuk azok a sejtek viselkedésére gyakorolt egyedi és együttes 

túltermelésének hatását normál emlő epiteliális sejtekben.

MCF-10A normál emlő epiteliális sejteket lentivirális vektorokkal transzdukáltunk, 

hogy stabilan expresszálják a LOX enzimet és/vagy a Pl hormont. A LOX szerepet játszik 

a sejtvándorlás folyamataiban, míg a PL egyik funkciója a sejtosztódás indukciója; ezért 

tehát ezen sejtes folyamatok vizsgálatát végeztük. A PL-t és LOX-ot stabilan túltermelő 

normál emlő epiteliális MCF-10A sejtek emelkedett osztódási rátát mutattak a parentális és 

a csak PL-t termelő MCF-10A sejtvonalakhoz képest. A LOX túltermelés önmagában nem 

volt semmilyen detektálható hatással a sejtosztódási rátákra. A LOX koexpressziója a PL-

nel tehát úgy tűnik, felerősíti a PL által indukált sejtosztódást. 

A koexpresszáló sejtek ezen felül szignifikánsan magasabb migrációs szinteket is mu-

tattak, mint a parentális vagy csak az egyik fehérjét termelő MCF-10A sejtek. Érdekes 

módon a LOX túltermelése a normál emlő epitheliális sejtekben önmagában nem volt eleg-

endő egy jobban migráló fenotípus kialakításáshoz, ellentétben a kevéssé invazív MCF-7 

mellrák eredetű sejtvonalakban kifejtett ilyen irányú hatásával.

Eredményeink tehát demonstrálták, hogy a lizil oxidáz a tumorsejtek migrációját a már 

általunk korábban leírt, H2O2-indukált FAK/Src jelátviteli útvonal serkentése mellett, a 

placentális laktogénnel való kölcsönhatása révén, más független jelátviteli útvonalakon 

keresztül is elősegítheti.
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Introduction


Breast cancer is the most common cancer among women, as it is diagnosed in 1x106 women in the world each year [1]. The incidence of breast tumor development in women differs with age, mammary gland mass and exposure to endogenous and exogenous hormones [1]. However, the function, molecular regulation, and interaction of genetic alterations in carcinogenesis, as well as those of tumor cell migration and invasion, and metastasis of breast carcinomas are not fully understood. As metastasis is a major challenge in cancer treatment, determination of molecular markers of metastatic potential and therefore understanding the process of metastatic tumor progression are important. Recently, comprehensive transcriptome profiling of normal breast, noninvasive breast tumor and invasive breast cancer cell lines identified lysyl oxidase (LOX) as a possible marker gene based on its differential expression [2]. In addition, upregulated LOX expression and activity have been reported in breast cancer tissues and invasive/metastatic breast cancer cell lines as well [3, 4]. Lysyl oxidase has been primarily recognized as a matrix-crosslinking enzyme; hence regulators and interacting factors contributing to its novel role in breast cancer development and progression are yet to be discovered. The goal of this work was to identify novel LOX-interacting partners that likely promote its function during tumorigenesis, and to characterize such interactions and evaluate their biological significance.


Lysyl Oxidase and the LOX Enzyme Family


Lysyl oxidase (LOX) is a copper-dependent amine oxidase that catalyzes the cross-linking of elastin and fibrillar collagens in the extracellular matrix (ECM) [5].


LOX was first discovered by Pinnell et al. [6] who demonstrated that the initial step of the covalent crosslinking of elastin and collagen, the formation of allysyl residues is mediated by an enzyme from bone extracts of embryonic chicks. This enzyme proved to be irreversibly inhibited by physiologically active levels of the lathyrogen β-aminoproprionitrile (BAPN), a compound that had been previously shown in vivo and in tissue culture to inhibit the cross-linking of collagen I and elastin by blocking the lysine-to-allysine conversion [7-9]. The enzyme was later given the non-systematic name lysyl oxidase [10].


The enzymes catalyzing the oxidation of primary amine substrates to reactive aldehydes are the amine oxidases. Members of the first class of amine oxidases, such as monoamine oxidases and polyamine oxidase, contain flavine adenine dinucleotide (FAD) as cofactor. The second class of amine oxidases, including LOX, diamine oxidase (DAO), and monoamine metabolizing semicarbazide-sensitive amine oxidase (SSAO) contain a tightly bound Cu2+ ion and a tyrosine-derived cofactor such as topaquinone (TPQ) or lysyl-tyrosine quinone (LTQ) at their active site [5, 11, 12].


Lysyl oxidase (protein-lysine 6-oxidase, EC 1.4.3.13) was initially considered as a single enzyme and its insolubility and tendency for aggregation did not facilitate the biochemical studies aimed to characterize the protein. Following the discovery that LOX can be solubilized in buffers with high urea content (4-6 M) and its activity can be recovered by the removal of urea [13] , the enzyme was purified from many tissues and organisms such as bovine aorta [14], piglet skin [15], embryonic chick cartilage [16], aorta [17] and human placenta [18]. The observation that LOX resolved upon DEAE chromatography into multiple isoforms [19] led to the hypothesis that there might be alternatively spliced or other forms of LOX or isoenzymes with similar properties.


So far LOX and four LOX-like (LOXL) proteins, (LOXL, LOXL2, LOXL3 and LOXL4) have been described as members of the LOX enzyme family. The lysyl oxidases act on peptidyl lysine residues as substrates in contrast to the other amine oxidases, which primarily act on small soluble polyamines [12]. The genes of these enzymes are located on different chromosomes. According to data at NCBI (http://www.ncbi.nlm.nih.gov) and Ensembl (http://www.ensembl.org) in the human genome, LOX localizes to chromosome 5q23.2 encoding 7 exons, LOXL localizes to chromosome 15q24-q25 with 7 exons, LOXL2 is located on chromosome 8p21.3-p21.2 containing 14 exons as well as LOXL3 on chromosome 2p13, while LOXL4 was mapped to chromosome 10q24 encoding 15 exons. Based on their gene structure the LOX genes can be further divided into two subgroups (Figure 1.). The LOX and LOXL genes share a similar exon structure in which five of the seven exons (exons 2-6) exhibit the highest level of homology as they are similar in size and encode amino acids of 76% sequence identity. Exons 1 and 7 of these genes, however, show significant differences. While exon 1 in LOX encodes a 5’-untranslated region, a signal peptide and a proenzyme region of the protein and the first amino acids of the mature enzyme, in LOXL it is larger and contains the sequences of a proline-rich region besides a signal and a propeptide sequence. Correspondingly, exon 7 of LOX varies from that of LOXL as it includes several differentially used polyadenylation signals in addition to five coding nucleotides, a stop codon and a 3’-untranslated region, thus resulting in a longer exon in the former [20]. Likewise, LOXL2, LOXL3 and LOXL4 show similarities in their gene structure. In addition to the 4 exons encoding the conserved LOX-domain that characterizes this enzyme family, they all differ from LOX and LOXL in their 5’ exons that are responsible for the coding of scavenger receptor cystein rich (SRCR) domains not present in either LOX or LOXL [11, 21].




Figure 1. The gene structure of the lysyl oxidase gene family.


The numbers indicate the base pairs in each exon. The black boxes show the highly conserved exons coding the LOX domain.


Analysis of the corresponding amino acid sequences revealed that highly conserved residues define structural and functional domains within the carboxy-terminal region of the lysyl oxidases as demonstrated in Figure 2. The C-terminal region contains a copper-binding domain with four histidines that participate in binding of the copper (II) cofactor, a cytokine receptor-like (CRL) domain showing homology with the extracellular ligand-binding domain of the growth factor and cytokine receptor family, and the lysine and tyrosine residues that form the LTQ cofactor as well as ten cystein residues conserved among LOX isoenzymes [11, 21, 22]. Thus the catalytic region is very similar among the members of the LOX enzyme family. Furthermore, each member of the enzyme family contains a signal sequence at the amino terminus essential for their secretion into the extracellular space.


The N-terminal region of these proteins show amino acid sequence divergence as it is illustrated in Figure 2. LOX contains a propeptide region at its amino terminus (amino acids 1-168) that is proteolytically cleaved by procollagen-C proteinase activity [23]. The N-terminus of LOXL comprises a proline rich region with a proline content of 14,2% which makes it unique among the lysyl oxidases [24], while within LOXL2, LOXL3 and LOXL4 there are repeated scavenger-receptor cystein-rich (SRCR) sequence motifs [21, 22, 25-27] that can be found in several secreted and cell surface proteins and may be involved in binding to other ECM and cell surface molecules [28]. The divergent N-terminal domains are thought to modulate protein-protein interactions, substrate specificity, activity, and the processing of the LOX protein in its physiological context [11].
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Figure 2. Schematic domain structure of the lysyl oxidases 


Purple rectangle: signal peptide; BMP-1: site of proteolytic cleavage; Cu: Cu2+-binding domain, CRL: Cytokine receptor-like domain, SRCR: scavenger receptor cysteine-rich motifs. The numbers indicate the number of amino acids.


Transcriptional and Post-transcriptional Regulation of LOX


Analysis of the human LOX gene revealed the presence of predicted transcriptional elements in the 5’ flanking region such as AP-2, MalT, Sp-1 and glucocorticoid-receptor-binding sequences, as well as metal regulatory elements in the promoter and the first intron [29]. Enhancer sequences of the human LOX gene between -796 and -274, relative to the start codon and within the first intron [29], along with interferon regulatory factor (IRF-1)-binding sequences [30], suppressor elements, and transcription-modulating and serum deprivation-responsive elements for the murine LOX gene have been described [11, 31]. 


Both the LOX mRNA and protein were demonstrated to be present in various tissues under normal and pathological conditions. Therefore it is not surprising that a complex mechanism exists that coordinates the regulation of LOX expression and protein activity [11, 32]. The factors contributing to this regulation include metal ions [33, 34], growth factors and cytokines like transforming growth factor-β1 (TGF-β1) [35-38], basic fibroblast growth factor (bFGF) [39, 40], insulin-like growth factor (IGF) [41], and platelet-derived growth factor (PDGF) [42, 43], hormones like prostaglandin E2 (PGE2) [35, 37], follicle-stimulating hormone (FSH) [44], and testosterone [45], as well as signaling molecules like cAMP [46] and ras [47].


Biosynthesis and Proteolytic Processing of LOX


Lysyl oxidase is synthesized as a 46 kD prepro-enzyme with a 21-nucleotide signal sequence at its N-terminus [48, 49]. Sequential signal peptide cleavage, copper incorporation, and N-glycosylation within the propeptide region (amino acids 91-93) during its transport through the endoplasmic reticulum and the Golgi elements yield a 50 kD proenzyme [49, 50], which is then secreted into the extracellular space. Based on pulse-chase study results conducted in rat smooth muscle cell cultures, this 50 kD form is converted to a 32 kD non-glycosylated mature enzyme in the medium [49]. The enzymes responsible for the extracellular maturation of LOX are the procollagen C-proteinases bone morphogenic protein (BMP-1) and mammalian Tolloid (mTld) encoded by the BMP-1 gene [51] as well as the genetically distinct mammalian Tolloid-like (mTLL)-1 and -2 proteinases [23, 52]. The proteolytic processing of LOX occurs at the Gly-Asp bond between residues 168 and 169 (numbered according to the human sequence) [53] yielding an 18 kD propeptide and a 32 kD active enzyme which retains the 10 cystein residues of proLOX, all of them in disulfide linkage [54]. We have identified fibronectin (FN) as a novel factor in the proteolytic activation of LOX [55]. Our results revealed the interaction of FN and LOX, suggesting an association between FN and proLOX as well. Furthermore, our data demonstrated a significant impairment in the proteolytic activation of LOX in embryonic fibroblast cultures derived from FN-/- mice that was not due to the absence of the processing enzyme BMP-1. Thus the presence of FN seems to be essential for the proteolytic activation of LOX supporting the hypothesis that the extracellular environment influences the activation rate of LOX. 

Catalytic Activity of LOX


The reaction catalyzed by lysyl oxidase is a redox process that requires the presence of an electron donor and a final electron acceptor for the oxidation of the substrate and the restoration of the enzyme, respectively. LOX contains two cofactors essential for its catalytic activity, a tightly bound copper ion (Cu2+) [19] and a lysyl tyrosylquinone (LTQ) cofactor [56] that is a unique characteristic of the LOX enzyme family. 


The Copper (II) Ion


According to atomic absorption data, LOX contains 1 copper atom per 32 kD monomer. The removal of this copper results in the loss of enzyme activity [57, 58]. Active protein synthesis is required for the incorporation of 67Cu into LOX which occurs prior to glycosylation and processing during protein trafficking in the Golgi elements [50]. Electron spin resonance studies have indicated that copper (II) is bound in a tetragonally distorted, octahedrally coordinated ligand field [57], similar to other divalent copper ion containing enzymes. The sequence WXWHXCHXHYHS in human corresponding to the copper-binding site contains four histidines that participate in copper binding with their nitrogen ligands [59]. These histidines are conserved in all members of the LOX family, suggesting that copper incorporates into the LOX-like proteins likely in a similar manner. The incorporated copper (II) is also important for the stabilization of the LTQ cofactor as it has been demonstrated for bovine LOX that exhibited a decrease in the LTQ content upon the removal of the enzyme-bound copper [60].


The Lysyl Tyrosylquinone (LTQ) Cofactor


Lysyl oxidase contains a covalently bound carbonyl cofactor in addition to copper. Raman and UV-visible spectroscopy revealed the quinone nature of the cofactor the structure of which is derived from the covalent crosslinking of the ε amino group of peptidyl lysine 314 with the side chain of tyrosine 394 [56, 61] as supported by mutagenesis studies. The formation of the LTQ cofactor presumed to be a self-processing reaction, that involves the autocatalytic hydroxylation and oxidation of Tyr394 (human LOX sequence) with the catalytic assistance of the copper atom at the nascent active site [62]. Indeed, studies of the recombinant form of Drosophila lysyl oxidase (rDMLOXL-1) revealed that the initially inactive rDMLOXL-1 that does not contain a carbonyl cofactor, following aerobic dialysis against copper shows catalytic activity and displays a characteristic electronic absorption spectrum of an organic cofactor present [63]. The developing cofactor is then attacked by the ε-amino group of Lys314, and the reoxidation of this quinol product yields the peptidyl LTQ [62]. This covalently linked lysyl component of the LTQ cofactor in LOX might play an important role in the preference of LOX for peptidyl lysine substrates [64].


Amine Oxidase Activity


Lysyl oxidase catalyzes the oxidative deamination of peptidyl lysine in elastin and collagen to δ-aminoadipic-β-semialdehyde or allysine during their posttranslational modification [65]. This reactive aldehyde can then spontaneously form covalent cross-links with neighboring amino groups or peptidyl aldehydes in the course of connective tissue biogenesis (Figure 3.).




Figure 3. The LOX-catalyzed reaction. 


Spontaneous development of crosslinkages from lysine (Lys) and peptidyl α-aminoadipic-δ-semialdehyde (AAS) yielding dehydrolysinonorleucine (deLNL) and aldol condensation product (ACP) [5].

The enzyme operates by a ping–pong mechanism that involves two half-reactions to complete the catalytic cycle. The mechanism can be summarized as demonstrated by the following equations [66]. 


(1) LOXox + RCH2NH2  →  LOXred(-NH2) + RHC=O


(2) LOXred(-NH2) + O2 +H2O  →  LOXox + H2O2 + NH3

The resulting cross-links are essential for the formation of collagen fibrils and insoluble elastin, the major components of the extracellular matrix. Recent studies have demonstrated that not only LOX but all the members of the enzyme family exhibit cross-linking activity, as it was suggested by the presence of a catalytic domain conserved throughout the protein family [11, 67-69].


Inhibition of LOX activity


Administration of β-aminoproprionitrile (BAPN) to growing animals is known to result in lathyrism, a disease characterized by an increased fragility of the connective tissues and an elevation of solubility of collagen from tissues due to decreased cross-linking. Thus BAPN is a potent lathyrogen capable of inhibiting crosslink formation in vivo. Pinnell and Martin were the first to demonstrate that micromolar concentrations of BAPN irreversibly inhibited lysyl oxidase activity in vitro [6] with an inhibition constant (Ki) of 3-5 μM [70]. BAPN binds to the active site of LOX and is enzymatically processed to a reactive intermedier, which is able to derivatize the enzyme [71]. BAPN was hence used to specifically inhibit the activity of lysyl oxidases and to identify additional irreversible inhibitors based on their structural similarities to BAPN, since LOX is a reasonable chemotherapeutic target for the control of fibrosis in pathological conditions. Such irreversible inhibitors are β-haloethylamines and β-nitroethylamine with inhibition constants similar to that of BAPN [72]. Certain para-substituted benzylamines [73] and 1,2-alkyldiamines [74] have also been found to be active site-directed inhibitors of lysyl oxidase. Furthermore, LOX can be inhibited by heparin [75], N-(5-aminopentyl)aziridine [76], and the non-competitive, reversible inhibitor trans-2-phenylcyclopropylamine [77].


Biological functions of LOX


Classical lysyl oxidase functions


Lysyl oxidase primarily targets collagen and elastin in vivo as the peptidyllysine products of amine oxidation are not broadly found among other mammalian proteins.


Collagens


Collagens are essential structural components of the extracellular matrix, and the most abundant proteins in the mammalian body. Collagens are important for a broad range of functions, including tissue scaffolding, cell adhesion, cell migration, cancer, angiogenesis, tissue morphogenesis and tissue repair. There have been at least 41 human collagen genes described that give rise to the numerous types of collagens conferring tensile strength to connective tissues. Collagens are characterized by the presence of at least one triple-helical collagenous domain with the repeating sequence motif (Gly-X-Y)n, where X and Y positions are often occupied by proline and 4-hydroxyproline, respectively [78]. In addition to the collagenous domains, collagens contain noncollagenous structures as well and many of these have important functions distinct from those of the collagenous domains [79, 80]. The collagen protein family can be divided into several subgroups based on their function and domain homology. One of these subgroups includes the so called fibril-forming collagens that are the principal source of tensile strength in mammalian tissues [81]. The precursors of the fibrillar collagens called procollagens following extensive posttranslational modifications inside the cell and secretion into the extracellular space, undergo proteolytic conversion to collagen molecules. These collagen molecules then form fibrils that are stabilized by the formation of intra- and intermolecular crosslinks, a result lysyl oxidase activity [82].


Elastin


The elastic properties of many tissues capable of deforming in a repetitive and reversible manner are due to the presence of elastic fibers in the extracellular space. The most important component of these elastic fibers is elastin. Ultrastructural analysis have shown that the elastic fibers consist of two major elements: the laterally packed, thin ordered core component formed by elastin, and the fibrillar components called microfibrils serving as a scaffold during the incorporation of elastin [83, 84]. In the mammalian genome there is only a single elastin gene present, which is located on chromosome 7q11.1-21.1 [85]. Elastin is synthesized as a soluble tropoelastin precursor containing alternating hydrophobic domains rich in non-polar amino acids such as Gly, Val, Pro and Ala, and hydrophilic domains rich in Lys and Ala involved in cross-linking [86]. So far 11 human tropoelastin splice variants have been identified [87]. Tropoelastin undergoes very little post-translational modification such as the hydroxylation of Pro residues [88], and following secretion it is rapidly incorporated into the forming elastic fiber with no further proteolytic processing [89]. Tropoelastin is then subject to a process of ordered self-aggregation as a result of multiple specific interactions of hydrophobic domains, that concentrates and aligns tropoelastin molecules prior to crosslinking catalyzed by lysyl oxidase, the final step in the formation of the insoluble elastin polymer [83, 87].


In addition to the above-mentioned substrates of LOX, in vitro studies revealed that the enzyme is able to oxidize mono- and diamines [77, 90], synthetic elastin-like polypeptides [91], H1 histone [92] and the lysine residues of the secreted basic fibroblast growth factor (bFGF) [93] as well.


Novel functions of lysyl oxidase


In addition to its involvement in the cross-linking of collagens and elastin, LOX has been demonstrated to act as a tumor suppressor, to induce chemotaxis, and to have intracellular and moreover intranuclear activities [11, 66].


LOX’s involvement in cell growth control was first implied in a study of sea urchin development and a report on Xenopus oocyte maturation. The enzyme specific activity was demonstrated to increase over six-fold during development, showing the greatest rise during gastrulation and larva formation in sea urchins. The treatment of the developing embryos with the specific inhibitor BAPN led to developmental arrest and the accumulation of non-crosslinked collagen molecules, suggesting a critical role for LOX in sea urchin gastrulation and morphogenesis [94].


Using a Xenopus model Di Donato et al. revealed the inhibitory effect of LOX on ras-dependent oocyte maturation when coinjected with oncogenic p21-Ha-ras into maturing oocytes. BAPN treatment of the injected oocytes successfully reversed this inhibition. This study also demonstrated that lysyl oxidase action depended on de novo protein synthesis and was therefore probably mediated by an unknown, newly synthesized protein that acted as an inhibitor of oocyte maturation [95]. Therefore this report suggested an intracellular role for lysyl oxidase.


LOX has also been implied in cellular senescence. Differential screening revealed several gene sequences, including a lysyl oxidase-like sequence WS9-14 , or LOXL2 that are overexpressed by both normal senescent human fibroblasts and fibroblasts derived from subjects with Werner's syndrome showing the characteristics of premature aging [25, 96]. Senescence in animals may depend on cellular senescence, cell death, modified proliferation of stem cells, interaction of different factors, as well as major qualitative and quantitative alterations in the components of extracellular matrix [97]. LOX and the members of the enzyme family might play an important role in the changes of the ECM associated with aging.


In addition, the 32kD purified LOX was described to have a strong chemoattractant effect on different cell lines such as vascular smooth muscle cells (VMSC) [98], human monocytes [99], fibroblasts [100], and breast cancer cell lines [3]. These experiments brought to light that the chemotactic response of the VSMCs depended on the H2O2 product of the LOX-catalyzed reaction, as cells were chemotactically responsive to the active enzyme, but not if the enzyme was inactivated or was administered in the presence of catalase [98]. Similarly, a hydrogen peroxide–based mechanism was found to mediate LOX's migration-facilitating effect in breast cancer cells [4] as discussed in the Lysyl oxidase in cancer section.


The involvement of lysyl oxidase in modulation of cell phenotype was suggested upon the discovery of a ras recision gene (rrg) in mice. The rrg transcript was highly expressed in normal fibroblasts, significantly decreased in the tumorigenic derivatives of these cells, and reexpressed at high levels in the non-tumorigenic revertants [101]. Cloning and sequencing of mouse rrg cDNA revealed its 96% sequence homology with the rat LOX cDNA, while mouse rrg exhibits 89% homology with the human LOX at the amino acid level [102, 103]. Consistently, LOX mRNA expression was found to be markedly low in various malignantly transformed cell lines as well [104, 105]. Knock-down of LOX by its antisense cDNA caused transformation of rat fibroblasts, which showed anchorage-independent growth and were highly tumorigenic in nude mice [106]. Further investigation revealed that LOX expression was inhibited by an FGF autocrine pathway in the transformed tumorigenic cells, where administration of suramin, a general inhibitor of growth factor receptor binding resulted in a reversible tenfold increase in LOX expression [107]. The anti-oncogenic effect of LOX in ras-transformed fibroblasts was likely due to its ability to inhibit signaling pathways that lead to activation of NF-κB transcription factor, a mediator of ras activity [108].


Interestingly, several groups have reported that LOX mRNA expression and enzyme activity was upregulated in highly invasive rat prostatic carcinoma cell lines, human cutaneous and uveal melanoma [3], invasive and metastatic breast cancer cell lines [2, 3], and metastatic breast tumors [4]. Conversely, poorly invasive MCF-7 cells overexpressing LOX show an increase in migration, indicating an important role for the enzyme during the course of epithelial-mesenchymal transition [4]. The dual role of LOX in tumor suppression and promotion will be discussed in the Lysyl oxidase in cancer section.

Although information on functions of LOX mostly came from studies conducted with mesenchymal cell types, increasing evidence supports the necessity of a more adequate model to elucidate the novel roles of LOX in epithelial tissues as well. In this regard, it is important to refer to a recent study that showed expression, enzyme activity and the cytoplasmic localization of mature LOX in polarized epithelial MDCKII and MCF-10A cells [109]. These cell lines might serve as suitable model systems for addressing LOX’s novel role in epithelia.


LOX enzyme function within the nucleus

Besides its cytoplasmic occurrence, nuclear localization of LOX has also been reported in various cell types. First, the enzyme was detected within the nuclei of cultured murine 3T3 fibroblasts and rat aortic smooth muscle cells, and evidence on its catalytic activity inside the nucleus of the latter was provided [110]. Then the fully processed LOX was demonstrated to translocate from the extracellular space into the nucleus of vascular smooth muscle cells in a specific manner, independent of the enzyme’s catalytic activity, as intracellular uptake and distribution were unaffected by treatment with BAPN [111]. Additional data supported the presence of LOX within the nuclei of other cell types [66, 112], and another member of the enzyme family, LOXL3 was detected in mouse liver predominantly in the nuclei of hepatocytes [113]. Interestingly, nuclear localization was demonstrated for the Drosophila melanogaster lysyl oxidase (DmLOXL-1) as well in fruit fly embryos and adult salivary gland cells [114]. However, the mechanism by which LOX is transported into the nucleus is yet to be discovered. Evidence on LOX’s ability to both act on histone H1 as a substrate [92], and to bind to histones H1 and H2 [115] in vitro, also to modify chromatin structure [113, 116] provides a possible explanation for the nuclear role of the enzyme, supporting this way the possibility of LOX functions different from its extracellular crosslinking activity.


In respect to its nuclear localization, it is of special interest that lysyl oxidase was reported to act as a specific inducer of transcription activity of the human collagen III α1 (COL3A1) promoter [117]. Experiments carried out in transfected monkey renal fibroblast (COS7) cells overexpressing the mature form of LOX showed a dramatic increase in COL3A1 promoter activity in a reporter gene assay when compared to the cells containing the vector without the LOX sequence. This inducer effect of LOX was abolished upon the administration of its specific inhibitor, BAPN. The Ku antigen heterodimer complex, which is involved in some of the main DNA repair and recombination processes [118, 119], was identified as a possible mediator of LOX’s transcription-activator effect [117]. 


Lysyl oxidase in pathologic conditions


The expression and activity of lysyl oxidase have been reported to be altered in many human pathologies compared to normal conditions. The possibility of LOX’s involvement in the pathogenesis of these diseases is supported by increasing evidence.


Pathologies associated with reduced LOX activity


The disorders characterized by decreased lysyl oxidase activity include lathyrism, nutritional copper deficiency, and recessively inherited human genetic maladies such as the X-linked Menkes disease (OMIM 309400) with its milder form, the occipital horn syndrome (OHS, OMIM 304150) [32, 120, 121].


Lathyrism occurs upon the ingestion of Lathyrus odoratus (sweet pea) containing β-(γ-glutamyl)aminoproprionitrile that is metabolized to β-aminopropionitrile (BAPN) a specific inhibitor of LOX activity. Administration of BAPN, leads to abnormal cross-linking of collagens and elastin, consequently lathyrism is characterized by kyphoscoliosis, bone deformities, weakening of the epiphyseal plates, tendons, ligament attachments, skin and cartilage, dislocation of joints, loss of teeth, hernias, and vascular rupture [122].


Copper is an essential cofactor of the lysyl oxidase isoenzymes, therefore decreased availability of copper in addition to affecting several copper-dependent enzymes, leads to diminished LOX enzyme activity and connective tissue defects as well as to manifestations closely resembling those of lathyrism [122]. Activity of lysyl oxidase has been demonstrated to change in response to variations in dietary copper levels [123-125]. Decreased lysyl oxidase activity due to copper deficiency leads to diminished crosslink-formation accounting for the connective tissue defects in growing animals such as aortic aneurysms, bone fragility and internal hemorrhages [126, 127].


Menkes’ disease as well as OHS are due to mutations in the gene ATP7A, that encodes an ATP-dependent copper transporter [128, 129]. During normal copper metabolism, following ingestion, copper is absorbed in the small intestine, and stored in the liver. Biliary excretion via the gall bladder is the major route of copper elimination from the body and a small amount of Cu is found in urine [130]. Both OHS and Menkes disease are characterized by abnormal neural development, connective tissue abnormalities and death in infancy [131]. Manifestations in OHS include bladder diverticula with spontaneous ruptures, inguinal hernias, slight skin laxity and hyperextensibility, skeletal changes, such as occipital horn-like exostoses, and vascular tortuoisity. Manifestations in Menkes’ disease also include bladder diverticula, hyperextensibility and laxity of skin, and skeletal abnormalities, and the disease is characterized by neurological degeneration, mental retardation, and generalized arterial disease with grossly abnormal elastic lamellae. The accumulation of Cu in intestinal cells, kidney and vascular endothelial cells in the blood brain barrier in Menkes’ patients leads to Cu deficiency and defects in the activities of many Cu-dependent proteins [132], including lysyl oxidase. The reduced lysyl oxidase activity in these pathologies has been demonstrated in skin samples and cultured fibroblasts [120, 133, 134]. Fibroblasts from patients with Menkes syndrome and OHS do not secrete LOX into their medium or contain any significant amounts of a copper-deficient, catalytically inactive lysyl oxidase protein in their cytoplasms suggesting that the synthesis of LOX protein itself is impaired [135, 136]

Increased LOX activity in fibrosis

Fibrotic diseases present major medical problems such as disfigurement, progressive disability and death. Pathological fibrosis can affect any organ or tissue, but it occurs most often in the lung, liver, kidney, and skin. Fibrosis by definition is the formation or development of excess fibrous connective tissue in an organ or tissue as a reparative or reactive process, as opposed to formation of fibrous tissue as a normal constituent of an organ or tissue. Fibrotic diseases are thus characterized by the excessive production, deposition and contraction of the extracellular matrix components, especially insoluble collagen fibers [137]. An association between increased lysyl oxidase activity and organ fibrosis has been suggested in many experimental models including liver fibrosis [138-140], pulmonary fibrosis [141-143], kidney [144], and myocardial fibrosis [145]. Therefore LOX has become the object of pharmaceutical research searching for molecular targets for the treatment of fibrosis. Initially, the treatment of fibrosis with the specific LOX-inhibitor BAPN seemed plausible, but due to its unacceptable toxic effect it proved to be not feasible  [146, 147].


Lysyl oxidase in cancer


Altered LOX expression and activity have been reported in various cancerous tissues and neoplastic cell lines, and subsequently the enzyme was identified as a potential modulator of tumorigenesis and tumor progression. Recent studies have demonstrated the upregulation of LOX expression in breast carcinomas, central nervous system cancers, head and neck sqamous cell carcinomas, lung adenocarcinomas, melanomas, osteosarcomas and prostate adenocarcinomas [3, 148-153]. Elevated LOX expression is associated with the early stromal reaction in breast cancer as well [154], similarly to another member of the enzyme family, LOXL that has been localized to the site of de novo fibrinogenesis in early stromal reaction of breast carcinoma [155]. LOXL and similarly, LOXL2 have been implicated in breast tumor progression as both enzymes are expressed in highly invasive breast cancer cell lines, although LOXL2 appears to have a stronger association with the invasive/metastatic phenotype observed [3].


LOX’s role in tumor progression in breast cancer was revealed when inhibition of the enzyme with either BAPN or antisense oligonucleotides to LOX mRNA resulted in the inhibition of in vitro invasion of highly invasive and metastatic breast cancer cell lines [3]. In addition, the poorly invasive MCF-7 breast tumor cells, when transfected with the murine LOX gene showed a 2-fold increase in invasiveness that was reversible by the administration of BAPN. Subsequently the involvement of a hydrogen peroxide-dependent mechanism was suggested to play a role in the regulation of cell migration in LOX-induced breast cancer invasion [4]. Erler et al. have demonstrated that the inhibition of LOX abolished lung and liver metastases in an in vivo mouse model for breast cancer [151]. Recent evidence also suggested LOX’s implication in the process of epithelial-mesenchymal transition (EMT), a mechanism that facilitates cellular repositioning and redistribution during embryonic development, tissue reconstruction after injury, carcinogenesis, and tumor metastasis [109].


These reports are somewhat conflicting with the previous findings describing LOX as a tumor suppressor. The contradictory findings of LOX’s role in tumor progression could be due to the different cell origins as LOX’s tumor suppressor function was studied in cells of fibroblast and mesenchymal origin, while it showed tumor-promoting activities in carcinomas, tumors of ectodermal origin. In addition, many factors could influence the cellular response to LOX expression such as cell differentiation stage, genetic patterns, availability of LOX substrates, and cell-cell or cell-ECM interactions. Interestingly, not only LOX has such a complex role in tumor progression, as another member of the enzyme family, LOXL2 was demonstrated to be downregulated in ras-transformed fibroblasts [156], head and neck squamous cell carcinomas [157], and serous ovarian carcinomas [158], while its upregulation was noted in highly tumorigenic, metastatic mouse squamous and spindle cell carcinoma [159], and invasive breast cancer cell lines [3], as well as in pancreatic cancers [160] compared to normal controls. Fong et al. demonstrated that these differences in LOXL2 expression are likely due to the stage of tumor progression, since an increase in LOXL2 expression was observed in less-differentiated colon and esophageal tumors, while in well-differentiated colon tumors significant decrease in the expression of the enzyme was observed [161].

Future studies are therefore needed to address the mechanisms by which LOX and other members of the enzyme family may contribute to the tumorigenic processes.

During the course of our work we have identified human placental lactogen (hPL) as a LOX-interacting protein that might play a novel part in carcinogenesis, in concert with the enzyme. The following section gives a detailed introduction of the hormone hPL.


Human placental lactogen


In 1936 Ehrhardt was the first to describe lactogenic activity in the placenta [162]. Subsequent studies demonstrated the presence of a protein hormone in the placenta that had biological properties similar to that of human pituitary growth hormone and prolactin [163, 164]. This hormone was initially designated as human chorionic somatomammotropin (hCS) [165], and most databases use the nomenclature chorionic somatomammotropin hormone (CSH). However, as a similar abbreviation hCS had previously been assigned to human citrate synthetase [166], the terminology “human placental lactogen” (hPL) is more widespread in the scientific literature.


The somatotropin/prolactin gene family


Human placental lactogen (hPL) is a member of the somatotropin/prolactin gene family, an evolutionary related gene family which includes human growth hormone (hGH) and human prolactin (hPRL). The hPRL gene is located on chromosome 6 [167], while the growth hormone gene cluster, that includes three hPL and two hGH genes, localizes to chromosome 17q21-24 [166, 168, 169]. All five genes within the cluster have the same transcriptional orientation and their arrangement is as follows: 5’- hGH-N (N is for normal) – hPL-1 (also known as hCS-L ; L for like) – hPL-2 (also named hPL-4, hPL-A, hCS-A or CSH-1) – hGH-V (V is for variant) – and hPL-3 (also referred to as hPL-B, hCS-B or CSH2) [170, 171]. The hGH and hPL genes share a common ancestral origin [172, 173] and probably have evolved by gene duplication. Alignment of the genes reveals an identical molecular architecture: the transcriptional units are split by four introns, and their open reading frames exhibit perfect codon colinearity [174]. 90-95% sequence homology seen in exons, introns, 5' and immediate 3' nontranscribed regions reflects the recent divergence of the genes. The regions downstream of the polyadenylation sites in the genes for hGH and its variant, but not for hPL, contain members of an Alu family repeat sequence [175].


Expression of the growth hormone and placental lactogen genes


While hGH-N is expressed in the pituitary gland, the other four genes have been found to be active in the placenta under normal physiological conditions. Although, expression of hPL has recently been discovered in the ovaries and testes as well [176, 177], suggesting novel auto/paracrine functions for hPL in both the female and male reproductive system.


Alternative splicing generates several isoforms of each of the five hormones, leading to further diversity and potential for specialization. Differential splicing of the primary hGH-N transcript results in the generation of 22 kD and 20 kD isoforms with the former being the most abundant. The hGH-V gene has been demonstrated to be expressed as two alternatively spliced mRNAs in the placental syncytiotrophoblasts resulting in the expression of a cell-associated and a secreted protein product [178-180].


In a second intron 5’-splice donor site, characteristic to the other four genes, the hPL-1 gene contains a G to A transition which destroys the normal donor site, that explains initial data on the absence of hPL-1-derived cDNA in a screening of a human placental cDNA library [181]. However, this particular family member is in fact actively transcribed in placental villi, while alternative splicing suggests that the majority of the transcripts would be unable to express a secreted protein [182, 183].


The hPL-2 and hPL-3 genes are expressed throughout pregnancy, in increasing amounts approaching term [184] as the term placenta contains up to 5 times more hPL mRNA than a comparable quantity of first trimester tissue [183]. The hPL-2 and hPL-3 mRNAs show a slight divergence in their nucleotide sequence, and their encoded pre-hormones differ in a single amino acid of the signal peptide region as at position -24 hPL-2 contains a proline, while hPL-3 contains an alanine. Nevertheless, the secreted protein products are identical [181].


The human placental lactogen protein


Human placental lactogen has been demonstrated to be a major protein component synthesized by the placental syncytiotrophoblasts as it represents about 5% of the total placental mRNA at term [174] and 2-4% of the total proteins [185]. The hormone can be detected by immunofluorescence 5-10 days following implantation in the syncytial layer [186, 187]. Three weeks post-fertilization, hPL can be detected in the maternal serum, and its levels rise throughout pregnancy [188]. The half-life of hPL in maternal serum is 10-30 min, which explains its rapid disappearance from maternal serum after delivery [189, 190].


Previous studies have revealed that the hormone is produced as a propeptide of 25 kD, that has a 26-amino acid signal sequence at its N-terminus [181]. Propeptide cleavage is associated only with a cell’s membrane-bound ribosomal fraction [191, 192], and this pre-hPL is secreted post-translationally [193]. The mature human placental lactogen is a single polypeptide hormone of approximately 22 kD consisting of 191 amino acids with two intramolecular disulfide bridges [194] that has been shown to participate in the formation of biologically active homodimers in vivo [195-197]. In accordance with their common genetic ancestry and high nucleotide sequence identity, hPL exhibits 85% and 25% amino acid sequence homology to hGH and hPRL, respectively [198] (Figure 4).




Figure 4. Comparison of the amino acid sequences of the somatotropin/prolactin hormone family demonstrates their homology. 


The signal peptides are underlined; the residues conserved in all three proteins are white with black highlighting; amino acids conserved in hPL and hGH only are black with grey highlighting.; “:” marks conserved substitutions; “.” marks semi-conserved substitutions.


Analysis of the 3D structure of the ovine PL reveals the long four-helix bundle structure, similar to that of hGH, with an up–up–down–down orientation of the four main helices as it is demonstrated on Figure 5 [199]. Subtle differences in packing of the protein results in a slightly more elongated oPL molecule than hGH. In addition, oPL contains a 12-residue N-terminal extension. oPL and hGH also show a remarkable similarity of their receptor binding site as it is demonstrated by the molecular rendering of Figure 5.


 




Figure 5. 3D structure comparison of ovine PL and human GH. 


Helices 1–4 are labeled on the ribbon diagram of the oPL molecule. The N-terminal extension on oPL is shown in yellow. Site 1 and 2 are the receptor binding sites exhibiting a high degree of similarity. Adopted from Elkins et al. [199].


hPL in physiological and pathological processes


Based on its structural similarity to hGH, several studies focused on the possible growth-promoting effects of hPL. Recent investigations using isolated human fetal tissues demonstrate that hPL has a direct somatotropic and metabolic effect. Hill et al. found that hPL, but not hGH promotes amino acid transport, [3H] thymidine incorporation, and mitogenesis in cultured fibroblasts and myoblasts of fetal origin, suggesting that hPL may contribute to the growth stimulus in human fetal connective tissues [200, 201]. In addition to its direct growth-promoting function, as it is suggested by substantial evidence, hPL likely influences fetal growth in an indirect manner by altering maternal metabolism as an insulin antagonist [189, 190]. Furthermore, hPL has been implicated in lipolysis as well. Human placental lactogen was shown to be lipolytic on adipose tissue from both pregnant and non-pregnant women as adipose tissue explants and adipocytes released glycerol and nonesterified fatty acids upon hPL stimulation [202]. hPL also induces glucose uptake, oxidation and incorporation into glycogen, glycerol and fatty acids in adipocytes [203, 204]. The current model of hPL’s role in maternal metabolism is that the hormone increases glucose availability for the fetus by its insulin antagonist and lipolytic activity (Figure 6) [189].




Figure 6. Physiological role of hPL during pregnancy.


hPL’s role in maternal metabolism is to increase glucose availability for the fetus by its lipolytic and insulin antagonist activity. (-), inhibitory effect. Adopted from Walker et al. [189].


Placental lactogen was named after its in vivo lactogenic effect observed in rabbits [163], although this activity has not been demonstrated so far in humans. Nevertheless, hPL possesses a mammotropic activity, as it has been reported to stimulate DNA synthesis in tumorous breast epithelial cells in vitro [205], and in human breast tumors maintained in athymic mice [206]. The role of PL in human mammary gland may be to stimulate cell proliferation rather than milk secretion.


Deletion of the hPL2 gene have been associated with the clinically and genetically heterogeneous Silver-Russell syndrome (SRS) [207], a congenital disorder characterized by intrauterine and postnatal growth retardation associated with dysmorphic features such as relative macrocephaly, a prominent forehead, a small triangular face, clinodactyly and asymmetry of head, limbs and trunk [208]. Data on hPL’s role in fetal growth has been ambiguous as one group reported that hPL was not essential for normal pregnancy [209], while according to another group, the complete lack of hPL production resulted in severe growth retardation of an otherwise normal baby [210]. Recent investigation has revealed hypomethylation of the telomeric imprinting region on chromosome 11p15, another chromosomal region associated with SRS, that made the role of hPL deletion in the etiology of SRS unlikely [211].


Ectopic expression of PL has been reported in many cases of malignant transformations such as esophageal neoplasms [212], in cases of lung cancer [213], in epithelial ovarian cancer [214] and testicular germ cell tumors [215].


PL has also been implicated in breast cancer, although its significance remains unexplored. Ectopic expression of hPL by human breast tumors have been reported by Sheth et al. [216]. All three PL genes have been shown to be amplified in 22% of breast carcinomas [217] and PL expression was demonstrated within tumors in 77% of the cases in this panel, while another study reported PL expression in 82% of breast tumors [218]. In addition, a trend was noted toward an increased incidence of lymph node metastases with amplification of the PL genes [217].


Interestingly, the other two members of the protein family, GH and PRL have been reported as potent oncogenes, acting through their receptors. Similarly, hPL is able to bind to and dimerize the growth hormone receptor (GHR) and prolactin receptor (PRLR). PL binds to the GH receptor (GHR) with lower affinity than GH [219] despite their significant (85%) amino acid sequence homology, yet PL binds to the PRL receptor (PRLR) with a similar affinity as hGH [219]. 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 mammary carcinoma in vivo [220]. Epidemiologic evidence supports a role for PRL in the pathogenesis [221], progression [222], and poor prognosis of breast carcinoma [223, 224]. 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 thoroughly investigated.


Specific aims


Specific Aim 1. To determine the specificity of a LOX interaction with the yeast two-hybrid positive protein placental lactogen, represented by multiple clones using yeast direct interaction studies.

Test the specificity of the interaction of the library proteins with the LOX bait proteins in yeast by directly co-transforming various combinations of bait and target plasmids into yeast and assaying for reporter gene activation.


Specific Aim 2. To confirm and characterize the LOX-PL interaction in vitro.

a) Generate expression constructs for LOX and LOX fragments.


b) Express and purify recombinant LOX proteins in quantities sufficient for further in vitro biochemical experiments.


c) Perform in vitro binding analysis using pull-down and Far-Western assays.


d) Perform solid phase binding assays to measure the equilibrium disassociation constant (Kd) of the protein interaction, and determine LOX-binding affinity for hGH and hPRL, two related members of the hormone family.

Specific Aim 3. To investigate LOX-PL interactions  in vivo.


a) Test LOX and PL expression in breast cancer tissues by immunofluorescent staining and confirm their co-expression in mammary neoplasms that is also supported by data from the literature.

b) Identify an appropriate in vivo model to test the native LOX-PL complex using co-immunoprecipitation.


Specific Aim 4. To explore the effects of the identified LOX-PL protein interactions on the catalytic activity of LOX.

Perform enzyme activity assays in order to clarify the nature of the protein interactions and determine whether it is an enzyme-substrate or enzyme-inhibitor/enhancer relation.


Specific Aim 5. To investigate the biological significance of the identified protein interactions.


a) Generate stable cell lines overexpressing either LOX or PL or both of the proteins for further phenotypic analysis.


b) Study the cellular phenotype including proliferative and migratory characteristics of the overexpressing cell lines in order to determine the biological role of the protein interaction.


materials and methods


Yeast Direct Interactions

Plasmid construction for yeast two-hybrid assays

A yeast two-hybrid screen was previously performed according to Clontech's System 3 protocol using a human placental cDNA library [225], which contained over 3.5x106 independent clones generated from human placental mRNA with oligo-dT primers as described previously [55]. For the yeast direct interaction bait LOX constructs primers were designed to introduce EcoRI and BamHI restriction sites 5' and 3', respectively, to sequence-verified human LOX cDNA in order to clone the inserts into Clontech's pGBKT7 vector (Figure 7) into EcoRI and BamHI sites downstream and in frame with the GAL4 DNA-binding domain (GAL4-DB). 


 

Figure 7. Vectors pGBKT7 and pGADT7. 


Schematic diagram of the yeast expression vectors pGBKT7 and pGADT7 [225] used for the yeast two-hybrid screen and the direct interaction studies.


The LOX cDNA template used was a plasmid expression construct pcDNA3.1-LOX previously cloned in our lab to contain the complete LOX open reading frame (nt 1-1254). 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-LOX1–417, pGBKT7-LOX169–417, pGBKT7-LOX1–168, pGBKT7-LOX349–417, pGBKT7-LOX1–348, and pGBKT7-LOX169–348, were each verified by DNA sequencing. Similar cloning 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-LOXL26–574 (amino acids 26–574), pGBKT7-LOXL-Nterm26–368 (amino acids 26–368), pGBKT7-LOXL-Cterm338–574 (amino acids 338–574), pGBKT7-LOXL2-Nterm1–547 (amino acids 1–547), and pGBKT7-LOXL2-Cterm548–774 (amino acids 548–774) were as shown in 

Table 1
.

		Primer

		Sequence

		Restriction Site



		

		

		



		pGBKT7-proLOX F

		5'-ACA TGC CAT GGT GAT GCG CTT CGC CTG GAC CG-3'

		EcoRI



		pGBKT7-proLOX R

		5'-CGC GGA TCC CTA ATA CGG TGA AAT TGT GCA GC-3'

		BamHI



		

		

		



		pGBKT7-LOX F

		5'-CCG GAA TTC GAC GAC CCT TAC AAC CCC TA-3'

		EcoRI



		pGBKT7-LOX R

		5'-CGC GGA TCC CTA ATA CGG TGA AAT TGT GCA GC-3'

		BamHI



		

		

		



		pGBKT7-LOX1-168 F

		5'-ACA TGC CAT GGT GAT GCG CTT CGC CTG GAC CG-3'

		EcoRI



		pGBKT7-LOX1-168 R

		5’-TAT GGA TCC TTA GCC CAC CAT GCC GTC CAC-3’

		BamHI



		

		

		



		pGBKT7-LOX1-348 F

		5'-ACA TGC CAT GGT GAT GCG CTT CGC CTG GAC CG-3'

		EcoRI



		pGBKT7-LOX1-348 R

		5’-GC GGA TCC CTA ACT CAA TCC CTG TGT GTG TG-3’

		BamHI



		

		

		



		pGBKT7-LOX169-348 F

		5'-CCG GAA TTC GAC GAC CCT TAC AAC CCC TA-3'

		EcoRI



		pGBKT7-LOX169-348 R

		5’-GC GGA TCC CTA ACT CAA TCC CTG TGT GTG TG-3’

		BamHI



		

		

		



		pGBKT7-LOX349-417 F

		5’-CCG GAA TTC CCT GGC TGT TAT GAT ACC TA-3’

		EcoRI



		pGBKT7-LOX349-417 F

		5'-CGC GGA TCC CTA ATA CGG TGA AAT TGT GCA GC-3'

		BamHI





Table 1. The primers used to amplify the LOX fragments


After PCR amplification, the inserts were digested and ligated into the pGBKT7 vector, and sequence-verified prior to transformation into the AH109 yeast. The AH109 genome contains four GAL4-responsive reporter genes:ADE2, HIS3, lacZ, and MEL1. Following amplification and cloning into the pGADT7 vector the placental cDNA library obtained from Clontech was transformed into AH-109 yeast that contained pGBKT7-LOX1-417 (the full length protein) or pGBKT7-LOX169-417 (the mature enzyme), with an efficiency measured by dilutions of transformants on non-selective plates. Clones containing interacting proteins were selected by growth on a drop-out minimal medium lacking leucine, tryptophan, histidine, and adenine and by activation of the lacZ gene. The positive clones were streaked multiple times on these selective plates to get single clones and to verify their growth under selective conditions. The library plasmids were isolated from the positive yeast clones and the cDNA inserts were sequenced using an ABI 310 capillary sequencer. The interactions of the identified positive clones were further characterized by performing direct co-transformations into AH109 yeast of various combinations of LOX, LOXL, and LOXL2 deletion constructs with the positive clones and with parallel empty vector controls. These direct co-transformation assays also used selection based on HIS3 and ADE2 reporter gene expression.


Plasmid Purifications from Yeast


To purify plasmids containing the positive clones from yeast, we used Quiagen Plasmid Mini Kit according to the manufacturer’s protocol. Yeast colonies isolated as positives from the two-hybrid screen were inoculated in 3 ml of WL- dropout media and incubated at 30˚C overnight with shaking at 270 rpm. The next morning, 1.5 ml of the cultured cells were transferred to a microcentrifuge tube and centrifuged at 14,000 x g for 5 min to pellet the cells. The media supernatant was aspirated, and the cells were resuspended in 150 µl of Buffer P1 (Resuspension buffer: 50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 100 (g/ml RNase A). To digest the yeast cell wall, 2 µl of Zymolase enzyme was added to the cell suspension and the sample was incubated at 37˚C for 60 min. 150 µl of Buffer P2 (Lysis Buffer: 200 mM NaOH; 1% SDS) was added, then 150 µl of Buffer P3 (Neutralization buffer: 3 M KAc, pH 5.5), and the sample was incubated on ice for 5 min. The sample was centrifuged at 14,000 x g for 20 min at 4˚C to spin down the yeast proteins. The supernatant containing the DNA was then transferred to a fresh microcentrifuge tube. The plasmid DNA was precipitated by adding 1/10th of the total volume of 3 M sodium acetate pH 5.2, and twice the total volume of ice-cold 100% EtOH. The sample was mixed well, and frozen at -80˚C for 60 min. The sample was centrifuged at 14,000 x g for 20 min at 4˚C to pellet the DNA, and then the supernatant was aspirated. The DNA pellet was washed once with 70% EtOH, and air-dried. Finally the plasmid DNA was dissolved in 20 µl of TE buffer (10 mM Tris, pH 8; 1 mM EDTA).


Yeast co-transformation 


The yeast co-transformation was performed according to Clontech's protocol [225]. A 50 ml culture of AH109 yeast strain [225] was grown in YPD medium (1% (w/v) yeast extract, 2% (w/v) peptone, 10% (v/v) dextrose) overnight at 30(C with shaking, then was added to 250 ml of fresh YPD and incubated for 4 h until the OD600 was 0.5 ( 0.1. The cells were pooled by centrifugation at 1000 x g for 5 min at room temperature and were resuspended in 25 ml of H2O. This suspension was centrifuged again at 1000 x g for 5 min at room temperature, and the cell pellet was resuspended in 1.5 ml of sterile 1x TE/LiAc solution (10 mM Tris-HCl, 1 mM EDTA, 100 mM lithium acetate, pH 7.5). To 0.1 ml of this competent cell suspension we added 0.1 (g of DNA-BD-bait plasmid (pGBKT7-LOX constructs), 0.1 (g AD-target plasmid (pGADT7-cl1, containing the full length PL sequence), 0.1 mg Herring testes carrier DNA and 0.6 ml of sterile PEG/LiAc solution (40% polyethylene glycol 4000, 1x TE/LiAc). After vortexing, the cells were incubated for 30 min at 30(C with shaking. Then 70 (l of DMSO was added and the cells were heat-shocked at 42(C for 15 min. After being chilled on ice for 2 min, the yeast centrifuged for 5 sec at 18000 x g, resuspended in 150 (l of 1x TE and plated on selective WL- dropout plates. Individual colonies of successfully co-transformed yeast were restreaked onto WL- master plates, and then restreaked onto AHWL- dropout plates. Subsequently, colonies of the co-transformants were suspended in the wells of a microplate in 100 μl 1x TE buffer. After measuring the OD at 595 nm, the concentrations were calculated and the samples were diluted to an identical final cell concentration. 5 μl of these yeast suspensions were spotted on AHWL- dropout plates in triplicates and incubated at 30˚C for 4 days. Differences in growth were the results of the different binding affinity of the interacting proteins, leading to different levels of reporter gene activation.


Bacterial protein expression


For in vitro and in vivo binding experiments we needed purified LOX protein, which is not available commercially. So we cloned the LOX gene fragments into the pGEX-4T-1 plasmid [226] (Figure 8) to generate bacterial expression constructs for LOX, proLOX, and various LOX cDNA fragments. The plasmid constructs were designed to produce LOX protein fragments with an N-terminal glutathione-S-transferase (GST) tag. The previously generated pGBKT7-LOX constructs used in the yeast direct interaction experiments were used as templates.






Figure 8. The pGEX-4T-1 bacterial expression vector.


Schematic diagram of the construct used for the bacterial expression of the LOX gene fragments


Restriction enzyme digestion


The pGBKT7-LOX plasmids (pGBKT7-proLOX, pGBKT7-LOX, pGBKT7-LOX1-168, pGBKT7-LOX1-348, pGBKT7-LOX169-348, and pGBKT7-LOX349-417), as well as the pGEX-4T-1 vector, were each restriction digested with EcoRI and SalI (New England Biolabs) enzymes. The double digestions were performed using EcoRI digestion buffer (50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl, 0.025% Triton X-100, pH 7.5) with 100 µg/ml BSA as recommended by the manufacturer. After incubation at 37˚C for 120 min, the digested DNA was analyzed by agarose gel electrophoresis to separate the digested fragments for following isolation of the inserts.


Agarose gel electrophoresis


The enzymatically digested samples were mixed with 6x loading dye (0.25% bromophenol blue, 0.25% xylene cyanol, 15% ficoll), loaded onto an agarose gel (1,2% in 1x TAE with 0,5 μg/ml EtBr) and run at 100 V, 300 mA for 50 min. To determine the size of the separated DNA fragments, molecular weight markers (New England Biolabs) were run parallel with the samples. The gel was analyzed on a UV transilluminator with a Kodak EDAS 290 imaging system.


DNA purification from agarose


After separation of the samples on agarose gel, we isolated the digested fragments from the agarose using the Geneclean Spin Kit (Q-BIOgene). We melted the gel slices containing the plasmid DNA in 400 (l of Geneclean Spin Glassmilk in a Geneclean Spin Filter at 55(C for 5 min, while inverting a few times to prevent the settling of matrix. The liquid was centrifuged out of filter at 12 000 x g into a Catch Tube. We washed the filter with 500(l of Geneclean Spin New Wash solution, and then spun the wash out of the filter at 12000 x g for 30 sec. After drying the pellet by centrifuging for 2 min at 12 000 x g, and transferring the filter into a fresh Catch Tube, we eluted the DNA by resuspending the Glassmilk on the filter in 20(l of Geneclean Spin Elution Solution, and centrifuging for 30 sec at 12 000 x g.


Ligation


For the ligation of the insert LOX DNA fragments into the pGEX-4T-1 plasmid we made a ligation reaction using a T4 DNA Ligase [227], according to the manufacturer’s protocol, in a total volume of 20 (l, which contained 1x Ligation Buffer, 60 fmol of the digested insert DNA, 20 fmol of the digested vector DNA and 0.1 U of T4 DNA Ligase. We also performed a ligation reaction with the vector only as a negative control. To calculate the appropriate amount of the insert and the plasmid DNA in a 3:1 molar ratio, we used the following formula:


y (g DNA x   pmol    x   106 pg   x   1 =  z pmol DNA

     660pg           1(g           N


N = the number of nucleotides and


660pg/pmol = the average molecular weight of a nucleotide pair


z = the amount needed in pmol; y = the mass of the DNA in (g


The ligation reaction was incubated for 75 min at room temperature.


Bacterial transformation


To select the correctly ligated constructs, we transformed XL-1 Blue Escherichia coli bacteria (Stratagene) with the ligation reaction mix. We used 50 (l of competent XL-1 Blue Escherichia coli, added 1.7 (l of (-mercaptoethanol and incubated for 10 min on ice. After adding 2 (l of the ligation reaction and incubating for 30 min on ice, we heat-shocked the bacteria at 42(C for 45 sec, then incubated the cells on ice for another 2 min. Following this, the bacteria were incubated at 37(C for 1 h with 950 (l of LB media (1% (w/v) tryptone, 0,5 % (w/v) yeast extract, 1% (w/v) NaCl) to let the resistance gene be expressed. After shaking, we plated the bacteria on LB amp plates on which only the bacteria transformed with an intact plasmid carrying the appropriate antibiotic resistance could grow. Positive clones were streaked consecutively until single colonies were obtained.


Plasmid preparation


Purification of plasmids from bacteria is similar to the method used in yeasts. For recovering the plasmid constructs from bacteria we used the Qiagen Plasmid Mini Kit according to the manufacturer’s protocol as described above in the “Plasmid Purifications from Yeast” section. After the plasmids were purified from the E. coli, we sequenced our samples to verify that the fragments were inserted into the correct reading frame. Upon sequence verification, the plasmids pGEX-proLOX, pGEX-LOX, pGEX-LOX1-168, pGEX-LOX1-348, pGEX-LOX169-348, and pGEX-LOX349-417 were transformed into low protease BL21 E. coli strain.


Protein expression and extraction from soluble fractions


This protein expression/extraction method was based on the protocol from Amersham [226]. We inoculated the BL21 bacteria containing the pGEX-LOX plasmids in LB media containing 100 (g/ml ampicillin for overnight incubation at 37(C. The next morning we diluted the overnight culture 1:10 with fresh media and grew the bacteria at 37(C until the OD600 of the culture reached 0.6 (in about 2 h). We induced protein expression with 0.1 mM isopropyl-1-thio-(-D-galactopyranoside (IPTG). After 2 h of induction, the bacteria were harvested from 1.5 ml of the culture by centrifugation at 18 000 x g for 2 min and resuspended in 200 (l of CellLytic BII solution (Sigma). Samples were then vortexed for 2 min. After centrifuging the samples at 4(C, 18 000 x g for 5 min, the supernatant was collected – this was termed the “soluble fraction”. To get all of the soluble proteins, the resuspension of the pellets was repeated 3 more times: first in the presence of endonuclease (Sigma) and lysozyme solution, and twice with lysozyme only. Each suspension was incubated for 10 min at RT to allow optimal lysozyme activity. The final pellet of debris – the inclusion body fraction - was resuspended in 50 (l of 2x Laemmli sample buffer (0.125 M Tris–HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, and 0.1 M DTT) for analysis.

Protein expression from inclusion bodies 


The protein expression in inclusion bodies was carried out using a modified protocol that described in Jung [228]. The BL21 E. coli containing pGEX-LOX plasmids were grown in 300 ml of LB medium containing 100 (g/ml ampicillin until the OD of culture was 0.6. For induction, 0.1 mM IPTG was added. After 4 h of induction the cells were harvested by centrifugation at 6000 x g for 20 min at 4(C and resuspended in 6 ml of chilled lysis buffer (50 mM Tris, pH 8.0; 1 mM EDTA; 100 mM NaCl; 1 mg/ml lysozyme). Triton X-100 (1%) and DNase was added (0.1 mg/ml) to lysates and suspension was mixed for 60 min at 4(C. Sonication was repeated 3 times at 70% efficiency with a Fisher Scientific Sonic Dismembrator Model 100 sonicator while the samples were on ice. The inclusion bodies were then pelleted by centrifugation at 6000 x g for 20 min at 4(C, washed with washing buffer (2 M urea; 10 mM K2HPO4, pH 8.2) and solubilized overnight at 4(C with solubilizing buffer (8 M urea; 10 mM K2HPO4, pH 8.2; 2 mM (-mercaptoethanol; 5 mM DTT).


Protein purification 


The protein purification was based on Amersham protocol for GST-fusion protein purification [226]. Since the pGEX-LOX constructs contain an N-terminal GST tag, we used its affinity to glutathione by utilizing Glutathione Sepharose 4B beads [226], that facilitated the purification of the glutathione-S-transferase-fusion proteins. For the purification of the extracted soluble proteins we took 500 (l of the samples, added 50 (l of Glutathione Sepharose 4B beads previously washed with 1x PBS and incubated the samples at 4(C for 1 h with rotating. After capturing the proteins, the samples were centrifuged for 15 sec at 18 000 x g, and the beads were washed 3 times with 1x PBS. The washes and the flow-through were saved for further analysis.


For the purification of GST-fusion proteins from inclusion bodies, we used the same method after diluting the samples to reduce the urea concentration to 2 M by adding 10 mM K2HPO4, pH 7.0. This purification was carried out in a larger scale, so 1.5 ml of Glutathione Sepharose 4B resin was used for each inclusion body extraction. Elution of purified proteins from the Glutathione resin was performed using 1.5 ml of solubilization buffer as detailed above, overnight at 4(C.


Bradford assay


To measure the concentration of the proteins extracted or purified we performed a Bradford protein assay, commonly used to determine the total protein concentration of a sample. In a 96-well Costar 3599 microwell plate we mixed 160 μl of the dilutions of BSA, in a range of concentration 0-25 mg/ml, as a standard with 40 μl of Bradford reagent in triplicates. To measure the protein concentrations we mixed 40 µl of Bradford reagent with X µl of protein and (160-X) µl 1x PBS – X varies from 1 to 160 µl since the dilution of the protein sample was required for the resulting absorbance to fall within the linear range of the assay. We measured the absorbance at 600 nm using a BMG Polarstar microplate reader.


SDS-PAGE of the proteins


Equal amount of the proteins were dissolved in 2x Laemmli buffer and boiled for 5 minutes, then chilled on ice for 5 min. SDS-polyacrylamide gel electrophoresis (SDS–PAGE) analysis of the samples was carried out using discontinuous polyacrylamide gels (5% stacking gel; 10% resolving gel) according to the method of Laemmli [229]. The gel were run on Hoeffer miniVE protein gel apparatus for 2 h at 300 V and were stained with Coomassie Brilliant Blue solution (0.25% Coomassie Blue in 45% methanol and 10% acetic acid) for 2 h, destained in destaining solution (35% ethanol and 10% acetic acid) 3 times for 30 min each and rehydrated in 2% glycerol. The gels were dried on Whatman paper at 85(C for 2 h using a Biorad Gel Dryer - Model 583 - with a Biorad Hydrotech Vacuum Pump.

Antibodies


For this study, we used an anti-LOX rabbit polyclonal antibody generated by Dr. Katalin Csiszar's lab and characterized previously [112]. We used this antibody for Western blots at a 1:400 dilution. For detection of GST fusion proteins, an anti-GST mouse monoclonal antibody was used [165 05-311, Upstate Biotechnology]. For detection of placental lactogen, an anti-PL rabbit polyclonal antibody was used [165 NCL-PLp, Novocastra Laboratories]. Anti-Src[pY418] and anti-GAPDH were purchased from Biosource Inc. (44-660G) and Abcam (ab22555), respectively. All commercial antibodies were used at their manufacturer recommended concentrations.


Western blot 


Our protocol for Western blotting was based on the modified protocol of Towbin [230]. The purified protein samples were resolved by SDS-PAGE, as described above. The proteins were blotted onto a pre-treated Immobilion-P membrane (Millipore P-15552, Fisher) using a platinum Western Blot Transfer apparatus (Biorad) – 1 h at 2 mA/cm2. After transfer, the membrane was blocked with 1x PBS; 0.1% Tween-20 (PBST); and 5% Carnation nonfat dry milk for overnight at 4(C. After rinsing the membrane with dH2O 5 times, and washing once with PBST for 5 min, we incubated the membrane with the appropriate primary antibody in PBST for 1 h at room temperature. Each antibody’s working concentration was based on the manufacturer’s recommendation. The membrane was washed again as described above and incubated for 1 h at room temperature with the appropriate secondary antibody conjugated to horseradish peroxidase (Jackson Laboratory). A dilution of 1:50000 in 1x PBST was used for secondary antibodies. The membranes were washed as described above, and finally once more with 1x PBS for 3 min. We used ECL Plus reagent (GE Healthcare, Amersham Biosciences) [226] for chemiluminescent detection: ECL reagent #1 and #2 were mixed in a 1:40 ratio, and we incubated the blots in this mix for 5 min. The blots were then exposed to autoradiograph film for 1-15 min or overnight. The film was developed and fixed using standard solutions.


GST pull-down assay


Our protocol was based on the modified protocol for GST pull-downs from the Molecular Cloning Manual – Protein-protein Interactions [231]. After capturing equal amounts of the GST-LOX fusion proteins and GST only as a negative control by incubating the proteins with 50 μl Glutathione Sepharose 4B beads at 4˚C for 1h with rotating, we incubated the captured fusion proteins with the target protein hPL at 50 (g/ml for 1 h at RT. After this binding step, the beads were washed 3 times with 1 ml of 1x PBS, then 30 (l of 2x Laemmli sample buffer was added and the samples were analyzed either by SDS-PAGE or by Western blotting.

Far Western analysis 


Our protocol was based on the modified protocol for Far Westerns from the Molecular Cloning Manual – Protein-protein Interactions [232]. Two microgram of each purified protein was resolved by SDS-PAGE as described above. The proteins were blotted onto a pre-treated Immobilion-P membrane using a platinum Western Blot Transfer apparatus– 1 h at 2 mA/cm2. To refold the proteins on the membrane, after blotting we washed the membrane with refolding buffer R6 (20 mM Hepes, pH7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 6 M guanidinium hydrochloride) twice for 30 min each at RT; then with refolding buffer R4 (20 mM Hepes, pH 7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 4 M guanidinium hydrochloride) once for 15 min at RT, then with refolding buffer R2 (20 mM Hepes, pH 7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 2 M guanidinium hydrochloride) once for 15 min and finally with refolding buffer R1 (20 mM Hepes, pH 7.7; 25 mM NaCl; 5 mM MgCl; 1 mM DTT, 0.187 M guanidinium hydrochloride) twice for 15 min each. The membrane was incubated in refolding buffer R1 overnight at 4(C with gentle shaking and then was blocked with 5% Carnation non-fat dry milk in PBST for 1 h at RT. The membrane was then blocked with 3 (M reduced glutathione in 2.5% Carnation non-fat dry milk in PBST for 1 h at RT. The membrane was washed 3 times in PBST for 10, 5 and 5 min; then was incubated with 5 (g/ml of the target protein (PL) in PBST for 1 h at 4(C. After washing again as above, the membrane was incubated with the appropriate primary antibody to the target protein. After washing with PBST 3 times for 10, 5 and 5 min, we incubated the membrane with the secondary antibody-horseradish peroxidase labeled conjugate for 1 h at RT. After the final washes – 3 times in PBST for 10, 5 and 5 min then in PBS for 3 min at RT - we used ECL Plus reagent for chemiluminescent detection as described above.


Solid Phase Binding Assay (SPBA)


This protocol was based on the protocol of A. Paul Mould [233]. The purified “receptor” protein was diluted to 10 (g/ml in sterile 1x PBS, and bound to the wells of an ELISA microplate (Costar 3950) by incubating 100 (l/well overnight at 4(C. The wells were then blocked with 200 (l of 1% BSA in each for 1h at 37(C, and then we washed the wells with PBST 3 times. We incubated the bound proteins with the purified “ligand” proteins in a range of concentrations (0.1-100 nM) for 1 h at RT. After removing the unbound “ligand”, we washed the wells with PBST 3 times and incubated with the appropriate primary antibody against the ligand protein for 1 h at RT. The wells were washed for 3 times with PBST, and incubated with the secondary antibody-horseradish peroxidase (HRP) labeled conjugate for 1h at RT. After washing the wells 3 times with PBST, QuantaBlu Working Solution (from QuantaBlu Fluorogenic Peroxidase Substrate Kit, Pierce) was added to detect the peroxidase activity of HRP. The solution was excited at 320 nm and the emitted fluorescence was measured at 405 nm using a BMG Polarstar microplate reader. Kd was calculated by Prism4 software based on these measurements.

Enzyme Activity Assay of bound LOX


This protocol was a modified version of Palamakumbura’s activity assay protocol [234]. A 96-well microwell plate (Costar 3950) was coated overnight at 4(C with 100 (l of BSA as negative control or PL. Each sample was done in quadruplicates. The wells were blocked with 1% BSA for 3h at 37(C, washed with 0.1% BSA in 1x PBS and incubated with 100 (l of ligand: purified bovine aorta LOX, generously provided by Dr. Herbert Kagan, in various concentrations (0.1-100 nM) overnight at 4(C. We washed the wells 3 times with PBST, once with PBS and added the reaction mix to the wells: 1.2 M urea, 0.05 M sodium borate, pH 8.2, 40 (g of horseradish peroxidase, 0.25 mg sodium homovanillate (Amplex Red, Molecular Probes), 10 mM 1,5-diaminopentane. In the presence of horseradish peroxidase, hydrogen peroxide oxidizes homovanillate to give a fluorescent product with an excitation maximum at 564 nm and an emission maximum at 587 nm. The reactions were incubated at 37(C for 30 min, and the fluorescence was measured at 590 nm.


Immunofluorescent microscopy


Fixed human breast cancer tissues with corresponding normal tissues (AccuMax Array A712(II)) were obtained from ISU Abxis Co. 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 (anti-LOX 1:100, anti-hPL 1:200) in 5% normal goat serum in PBS for 2 h at room temperature, 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. The tissue sections were then either incubated with To-PRO-3 nuclear stain (Molecular Probes) for 15 min and mounted with Vectashield mounting medium (Vector Laboratories), or simply mounted with Vectashield mounting medium containing DAPI nuclear stain. 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, MCF-7, and T47D were kindly supplied by Dr. Dawn Kirschmann (Department of Anatomy and Cell Biology, University of Iowa) and were maintained as previously described [235, 236]. Human embryonic kidney epithelial cells (HEK 293FT) were obtained from Invitrogen and maintained as recommended by the distributor [227].

Protein extraction from cultured cells


To evaluate expression of PL and LOX in the tumor cells, total protein from the cell lines’ conditioned cell medium (CCM) was extracted and analyzed by Western blotting. Briefly, at ~70% confluence, the cells were washed with sterile 1x PBS and incubated in phenol red-free, serum-free medium for 48 h. The medium was then collected, and following removal of the cell debris by centrifugation, the protein concentration was measured using Bradford reagent (Bio-Rad). To a volume of CCM containing 20 µg of proteins, 10 µl of Strataclean Resin (Stratagene) was added and mixed at room temperature for 10 min to bind the proteins [237]. After pelleting the resin by centrifugation, the supernatant was removed, the resin was resuspended in 10 µl of 2x Laemmli buffer, and the samples were boiled for 5 min before electrophoresis by SDS-PAGE.

Co-immunoprecipitation


For immunoprecipitation experiments, conditioned cell medium (CCM) from cultured Hs578T breast cancer cells was collected from cultures grown under serum-free conditions for 2 days post confluence, and the CCM was concentrated using Amicon Ultra tubes (Millipore). After preclearing the CCM by incubating it with 20 µl of TrueBlot anti-rabbit IgG beads (eBioscience) for 30 min at 4°C, 3 ml of the sample was incubated with 3 μg 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 formation. The formed immunocomplexes were captured by the addition of 50 μl of TrueBlot anti-rabbit IgG beads and incubation for 1 h at 4 °C. The beads were then collected by centrifuging 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.


Generation of stably transduced cell lines 


Lentiviral Constructs


PL and LOX were stably expressed in mammalian cells using the ViraPowerTM Lentiviral Expression System (Invitrogen) [227] 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’ (forward) and 5’-CTAGAAGCC 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 the previously cloned expression vector, pcDNA3.1-LOX, and for the PL-2 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 μl, which consisted of 1x PCR buffer, 125 μM dNTP, 0.5 μM 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, annealing 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 denaturation step for 5 min at 95°C. The amplified fragments were run on a 1,2% agarose gel and isolated from the agarose as described in the “Agarose gel electrophoresis” and “DNA purification from agarose” sections. 


TOPO cloning


For the cloning of the blunt-end PCR product we used the TOPO Cloning Kit from Invitrogen. We mixed 0,5 μl PCR (~ 1 ng DNA) product with 1 μl Salt Solution, 3,5 μl sterile water, and 1 μl TOPO vector (pLenti6/V5), and incubated this mixture for 5 minutes at room temperature, then proceeded with transforming the constructs into XL-1 Blue supercompetent E. coli as described in the “Bacterial transformation” section. To verify the transformation efficiency, we used the pUC19 plasmid as a positive control. The transformants were selected on LB medium containing 100 μg/ml ampicillin and 50 μg/ml blasticidin (pLenti6/V5 constructs), and on LB medium only (pUC19). Six positive clones were selected from each transformation, and the plasmids were purified as described in the “Plasmid preparation” section. The positive clones were analyzed by both restriction enzyme digestion using BamHI and XhoI enzymes, and sequencing with the CMV forward and the appropriate reverse primers hybridizing within the insert.


Production of viral particles


HEK293FT human embryonic kidney epithelial cells [227], used as hosts for the production of the desired lentiviruses, were maintained as recommended by the manufacturer, in high glucose DMEM with 10% fetal bovine serum (FBS), 0,1 mM MEM Non-Essential Amino Acids (NEAA), 2 mM L-glutamine, 1% antibiotics/antimycotics with 500 μg/ml Geneticin (complete medium).


These cells were co-transfected at 90% confluency with the pLenti6/V5-PL-2 or pLenti6/V5-LOX lentiviral DNA constructs and Virapower packaging mix using Lipofectamine 2000 (Invitrogen) [227] as a transfection reagent. 


For each transfection sample, we prepared DNA-Lipofectamine™ 2000 complexes. In a sterile 5 ml tube, we mixed 9 μg of the ViraPower™ Packaging Mix and 3 μg of pLenti expression plasmid DNA (12 μg total) in 1.5 ml of Opti-MEM® I Medium without serum. In a separate sterile 5 ml tube, we diluted 36 μl Lipofectamine™ 2000 transfection reagent with 1.5 ml of Opti-MEM® I Medium without serum, incubated this mixture for 5 minutes at room temperature, and combined the diluted DNA with the diluted Lipofectamine 2000. To allow the DNA-Lipofectamine complexes to form, we incubated this mixture for 20 minutes at room temperature. During incubation we prepared the HEK 293FT cells by detaching them from the cell culture flask using trypsine-EDTA (0,25% trypsine, 1 mM EDTA), diluting them into the working concentration of 1,2x106 cell/ml with Opti-MEM I medium with 10% FBS and incubating them in the CO2 incubator at 37(C for 5 min. Subsequently, we added the DNA-Lipofectamine™ 2000 complexes to a T75 tissue culture flask containing 5 ml of Opti-MEM® I medium containing 10% serum, and gently mixed with 5 ml of the 293FT cell suspension (6x106 total cells). The cells were then incubated overnight at 37°C in a CO2 incubator. The next day, the medium was replenished with complete culture medium containing sodium pyruvate (i.e. D-MEM with 10% FBS, 2 mM L-glutamine, 0.1 mM MEM Non-Essential Amino Acids, 1% penicillin/streptomycin, and 1 mM MEM Sodium Pyruvate). Virus-containing supernatants were harvested 72 hours post transfection by removing medium to a 15 ml sterile conical tube. We pelleted cell debris by centrifuging at 3000 rpm for 15 minutes at +4°C and transferred the virus-containing supernatants into cryovials in 1 ml aliquots. Viral stocks were stored at -80°C.


Titering the viral stocks


 To determine the titers of our lentiviral stocks, we chose to transduce our immortalized normal mammary epithelial MCF-10A cell line. The day before the transduction, cells were plated in a 6-well plate such that they would reach 30-50% confluency at the time of transduction. On the day of transduction, the lentiviral stocks were thawed, and 10-fold serial dilutions were prepared in complete medium in a total volume of 1 ml, concentrations ranging from 10-2 to 10-6. These dilutions were than added to one well of previously seeded cells each, in the presence of 6 μg/ml Polybrene. As a negative control, a mock-transduced well was included. Subsequently, the cells were incubated overnight at 37˚C in a CO2 incubator. To select for transduced cell lines, the following day the medium was replenished with fresh complete medium containing 6 μg/ml Blasticidin. The medium was replaced with fresh complete medium containing antibiotic every 3 days. After 10 days of incubation there were no live cells left in the mock-transduced well, but discrete antibiotic resistant colonies appeared in some of the dilution wells. The medium was removed at this point, and the cells were washed twice with PBS. The cells were stained with crystal violet and the colonies were counted to determine the titer of the lentiviral stocks.


Viral transduction of MCF-10A cells


MCF-10A cells were seeded in 6-well plates at a density of 105 cells per well in complete medium and were incubated overnight at 37˚C in a CO2 incubator. The following day the lentiviral stocks were diluted in complete medium to a MOI (multiplicity of infection) of 0.01 in a total volume of 1 ml. The medium containing the viruses was added to the cells in the presence of 6 μg/ml Polybrene. After incubating the cells overnight at 37˚C, the medium was replenished with fresh complete medium. The following day this was replaced with medium containing 6 μg/ml Blasticidin enabling us to select for stably transduced cells. The medium was replaced every 3-4 days until antibiotic resistant colonies could be identified. Clonal selection was performed using QuixellTM cell selection and automated transfer system (Stoelting Co.), the clonal cell lines were then maintained in complete medium containing 6 μg/ml Blasticidin. Expression of PL and LOX in the stably transduced MCF-10A cell lines was evaluated by Western analysis as decribed in the “Protein extraction from cultured cells” section. Individual clones that were determined to have the highest levels of expression of PL and LOX were selected for further experiments.


Immunofluorescent Staining of the Actin Cytoskeleton


Parental MCF-10A cells and stably transduced MCF-10A cells co-expressing PL and LOX were grown on coverslips to ~60% confluence. After fixing the cells in 4% formaldehyde in PBS for 10 min at room temperature, cells were treated with 0.1% Triton 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 Proliferation Assay


Our protocol for measuring proliferation rates was based on Olsson’s photometric microassay [238]. Cells were seeded in two parallel 96-well plates in triplicates at 2000 cells/well, and 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. 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 bound to the cells. 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 difference between the number of cells after 72 h and the initial number of seeded cells. Data were analyzed using Graphpad Prism4 software.


Cell Migration Assay


The in vitro cellular migration assay was based on the previously described membrane invasion culture system assay (41). MCF-10A cells and stably transduced MCF-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-μm pore size) suspended in a membrane invasion culture system chamber, whereas the chamber underneath the membrane contained complete medium. The cells were then incubated in a CO2 incubator at 37°C for 4 h, fixed in methanol, and stained with hematoxilin-eosin, and the migratory cells were counted. The experiments were repeated three times, and data were analyzed using Prism4 software (Graphpad).


Results


Yeast two-hybrid screening


In order to identify novel interacting partners of lysyl oxidase that contribute to the enzyme’s non-classical functions, a yeast two-hybrid screen was performed in our laboratory. The expression of the lysyl oxidase gene family is high in placental tissues, and we assumed that using a placental library would be optimal for discovering proteins with LOX-binding ability. Two independent screens of a human placental yeast two-hybrid library were performed with the full-length 48-kDa pro-LOX (LOX1–417) and the 30-kDa mature LOX (LOX169–417) as baits. Following the transformation of pGBKT7-LOX1–417 and pGBKT7-LOX169–417 into yeast strain AH109, expression of the fusion proteins GAL4-BD-LOX1–417 and GAL4-BD-LOX169–417 were confirmed by Western blot analysis (data not shown). Assays for expression of the reporter genes ADE2, HIS3, and lacZ showed no autonomous transcriptional activity induced by GAL4-BD-LOX1–417 or GAL4-BD-LOX169–417 alone. Subsequently, the placental cDNA library was transformed into the yeast strains containing either the pGBKT7-LOX1–417 or the pGBKT7-LOX169–417 construct, and the cells were plated onto selective plates to screen for expression of the three reporter genes. Yeast colonies that expressed all three reporter genes were then isolated, and upon plasmid extraction, the library insert cDNA was sequenced. From the yeast two-hybrid screen with pro-LOX (LOX1–417), 7 of the 20 positive clones sequence-identified proved to be PL cDNAs. From the screen with the mature LOX (LOX169–417), 9 of the 39 positive clones sequence-identified were PL cDNAs. Most of the positive clones encoded the entire pre-PL protein of 217 amino acid residues, and all were identified as PL-2 transcript variant 1 (Figure 9). The expression of PL-2 and PL-3, which result in identical mature hormones, is initiated and up-regulated in placental syncytiotrophoblasts during pregnancy, with the highest expression levels at term [171, 188]. The PL-2 gene transcript variant 1 that contains all five exons of the gene encodes isoform 1, the most abundant full-length isoform of the hormone [183].




Figure 9. Representative DNA sequence of the yeast two-hybrid positive clones encoding PL-2 transcript variant 1.

The black box indicates the start codon, the red box shows the codon that differs in PL-2 (CCA) and PL-3 (GCA), thus enabling us to distinguish the two transcripts.

Verifying placental lactogen as a LOX-interacting protein


The yeast two-hybrid screens show a tendency towards false positive hits as a result of autonomous transcriptional activation by the bait protein or non-specific binding of library proteins. We have previously clarified that LOX had no autonomous transcription-activating effect, therefore, as the next step, it was necessary to confirm that the detected interaction was indeed specific between LOX and PL. To confirm the specificity of the PL-LOX binding as proposed in Specific Aim 1, and to further test which domain of LOX contains the PL binding site, several combinations of bait (Figure 10) and target plasmids were co-transformed into yeast that were spotted on nutritional dropout (Ade-/His-/Trp-/Leu-/X-Gal – AHWL-/X-Gal) plates to test reporter gene activation and to maintain a selective pressure on the bait and library plasmids (TRP1, LEU2).




Figure 10. The LOX and LOX-like deletion constructs used as baits in yeast direct interaction trials.

In addition to the original baits pGBKT7-LOX1-417 and pGBKT7-LOX169-417 other constructs were included to narrow down the possible site of interaction and to test if homologous LOX-like proteins would bind the same target protein. GAL4-BD: the GAL4 binding domain; blue rectangle: signal peptide; green rectangle: Cu-binding site; CRL: cytokine receptor-like domain; PRD: proline-rich domain; yellow rectangles: SRCR (scavenger receptor cystein-rich) domain.


Yeast were also co-transformed with combinations of LOX or PL proteins with empty plasmid vectors as negative controls (Figure 11 first lane and first row). A non-interacting bait protein, nuclear lamin C, was also used as a negative control to show specificity of the PL interaction (Figure 11 second row). Only the yeast cells that contained fragments of LOX or proLOX (and in further experiments, fragments of LOXL and LOXL2) that interacted with PL were able to grow on the nutritional dropout plates. Figure 10 shows the schematic diagram of the LOX deletion constructs used in the direct interaction studies. The bait constructs showing interaction with PL were proLOX (LOX1-417), the mature protein (LOX169-417), and deletion constructs LOX1-348, LOX169-348, LOX169-417. The yeast containing the proenzyme exhibited slower growth rate compared to that of the LOX1-348, LOX169-348, and LOX169-417-containing cells. This phenomenon might be due to the different folding of the GAL4-BD-proLOX interfering with the site of the LOX-PL interaction. Furthermore, the propeptide region of LOX (LOX1-168) alone did not interact with PL. While the presence of the propeptide domain in the construct LOX1-417 partially inhibited, in construct LOX1-348 had no effect on the interaction with PL. Initially we thought that the CRL domain would be a likely candidate containing the site of interaction, since it shows amino acid sequence homology with the extracellular domain of the cytokine receptors to which placental lactogen binds in vivo. However, the LOX cytokine receptor-like (CRL) domain alone (amino acid residues 349-417), did not bind PL (Figure 11) in our direct interaction tests.


These data suggested that the interaction between LOX and PL was the result of specific binding, and that the possible PL-binding site of LOX is located between the amino acids 169-348. 


We further tested whether LOX-like proteins, LOXL and LOXL2, that share a high sequence homology with LOX within this putative binding region, could also bind to PL using the yeast two-hybrid system. The full-length LOXL, N-terminal half LOXL, C-terminal half of LOXL, N-terminal half of LOXL2, and C-terminal half of LOXL2 (Figure 10) were cloned into the pGBKT7 bait vector and co-expressed with PL as described in methods. Expression of each bait protein was confirmed by Western blotting (data not shown). These bait vectors and the PL target plasmid were co-transformed into yeast that were then spotted on plates to test reporter gene activation. Yeast were also co-transformed with empty vector and lamin C controls as described above. The only bait positive for activating the reporter genes was the C-terminal portion of LOXL2 (Figure 11). The homologous domain of LOXL did not interact with PL enough to activate the reporter genes, suggesting that PL specifically binds to a putative binding site within LOX and LOXL2.




Figure 11. Yeast direct interaction studies 

Each field represents yeast spotted in triplicates and grown on AHWL- dropout plates. Only yeast containing the combination of interacting protein fragments were able to grow under the nutritional selection. The bait constructs are indicated on the left, while the prey constructs are on the top of the figure. Negative controls were the empty vectors pGADT7 and pGBKT7 and the non-interacting Lamin-C protein.


Bacterial expression of recombinant lysyl oxidase


For further in vitro experiments aimed to verify and characterize the interaction of LOX and PL, as proposed in Specific Aim 2, significant amounts of purified LOX protein was needed. As purified LOX is not available commercially, we needed to express the protein in a bacterial protein expression system. We chose to express LOX as a glutathione-S-transferase (GST)-fused protein in E. coli bacteria. Expression of genes in E. coli offers a convenient system to produce large amounts of recombinant proteins that may otherwise be difficult to isolate from natural cells and tissues. In order to generate LOX, the LOX fragments used as bait in the yeast direct interaction studies were cloned into a pGEX-4T-1 vector generating GST-LOX constructs this way which were expressed in E. coli bacteria (Figure 12).




Figure 12. The GST-LOX constructs designed for bacterial protein expression.


The expected molecular weight of each fusion protein is indicated on the right.


The vector contained an ampicillin resistance gene (Ampr), an IPTG-inducible Ptac promoter upstream of the GST coding sequences, and a multicloning site with a thrombin cut site between the GST and MCS sequences (Figure 8). The thrombin site would allow proteolytic removal of the GST tag from the purified recombinant protein. Following EcoRI and SalI enzymatic digestion of all the pGBKT7-LOX constructs and the pGEX-4T-1 vector, the digested plasmids were separated by agarose gel electrophoresis, and isolated. The LOX fragments were then cloned into the pGEX-4T-1 plasmid in frame with the GST-tag and the thrombin cleavage site. Following transformation into XL-1 Blue supercompetent E. coli, the plasmids were isolated and the successful cloning was verified by restriction endonuclease digestion and agarose gel electrophoresis as well as by sequencing. The correct pGEX-LOX constructs and pGEX only were transformed into BL21 E. coli bacteria, a strain with low protease levels optimal for protein expression. The pGEX would express the GST only which can be used a negative control in our subsequent binding experiments. Following transformation the bacteria were incubated overnight in LB medium, diluted 1:10 and grown until the OD600 of the culture reached 0.6. The bacterial expression of the GST-fusion proteins was induced by adding IPTG to the culture at the log phase of growth. In our first effort we wished to induce the expression of the fusion proteins in their soluble form. Therefore we attempted to optimize the induction conditions by lowering the temperature to 25°C, or using the lowest suggested concentrations of IPTG to decrease bacterial growth rate and inclusion body formation. We extracted the protein samples as different fractions: one soluble, three lysozyme soluble fractions and inclusion bodies. We analyzed our samples by SDS-PAGE and Western blotting to see whether the correct size fusion proteins were expressed. A representative Coomassie Blue-stained PAA gel is shown in Figure 13.




Figure 13. Representative SDS-PAGE gel of soluble bacterial proteins from E. coli expressing GST-LOX fusion proteins. 


Stars indicate protein bands of correct molecular weight. The figure demonstrates the low levels of some of the recombinant proteins in these lysozyme-soluble (LS) fractions extracted in the presence of lysozyme.


We were able to express all GST-LOX constructs at the correct molecular weight except GST-LOX1-417, containing the full-length protein. Furthermore, despite our attempts to optimize growth conditions to increase the solubility of the fusion proteins, only GST-LOX169-417, GST-LOX349-417, and GST-LOX169-348 were present in the soluble or lysozyme soluble fractions in any significant amount. GST-LOX1-348 and GST-LOX1-168 were found almost entirely in the inclusion bodies. Moreover, the recombinant proteins found in soluble forms were present in the inclusion body fraction in much higher quantities than in the soluble fractions as it is shown on (Figure 14), which demonstrates the relative distribution of GST-LOX1-348 among the lysozyme soluble and inclusion body fractions with or without IPTG-induction.




Figure 14. Western blot of the extracted GST-LOX1-348, using an anti-GST antibody.


The figure illustrates the relative distribution of GST-LOX1-348 between the lysozyme soluble and inclusion body-derived protein fractions. Interestingly, recombinant protein expression could be observed at a low level in the absence of the inducer IPTG. NI: non-induced, IPTG: IPTG-induced, LS1: lysozyme soluble fraction 1, IB: inclusion body fraction. The arrow shows the protein at correct molecular weight.

Due to the above mentioned limitations of soluble GST-LOX protein production and the insufficient quantities of the obtained fusion proteins, we decided to take another approach, and chose to extract the fusion proteins from inclusion bodies based on a similar protocol for His-tagged recombinant LOX [228]. This extraction method was carried out in a larger scale, with an increased IPTG-induction period of 4h. To extract the soluble proteins first, we used lysis buffer, lysozyme and sonication. The remaining inclusion bodies were then solubilized in the presence of 8M urea. As such a high urea concentration denaturates the proteins, and therefore inhibits the binding between the GST-tag and the glutathione beads, it was necessary to lower the urea concentration to enhance protein refolding and purification as well. Based on the method previously published by Jung et al. [228], we first diluted our protein samples by adding 10 mM K2HPO4, pH 7.0 lowering the concentration of urea this way, and we attempted to purify the proteins from solutions of equal volume containing 6 M, 4 M and 2 M urea. The GST-LOX proteins were then purified using the binding affinity of the GST-tag to glutathione. The 2 M urea concentration proved to be optimal for protein purification, as it allowed renaturation of the GST-LOX recombinants and resulted in sufficient amounts of purified protein (Figure 15A and B). Using this method we were able to generate GST and GST-LOX proteins GST-LOX349-417, GST-LOX169-417, GST-LOX1-168, and GST-LOX169-348 from bacterial inclusion bodies (Figure 15C).



Figure 15. Protein extraction and purification steps.


A - Representative Coomassie Blue-stained protein gel of GST-LOX fusion proteins extracted from bacterial inclusion bodies. B – Purification efficiency could be increased by decreasing the urea concentration of the protein extracts. C – Purified GST-LOX protein constructs, paralel samples. GST-affinity based purification proved to be highly efficient as we were able to obtain milligram quantities of the recombinant LOX proteins.

In vitro assays confirm the binding of LOX and PL


Far-Western analysis


Having generated sufficient quantities of recombinant LOX protein fragments, we aimed to verify the interaction of PL with LOX, and performed different in vitro binding experiments. Far-Western blotting was initially used to screen protein expression libraries with a radiolabeled protein [239, 240], and is now widely applied for identification of protein-protein interactions such as receptor-ligand interactions. Far-Western blotting is similar to Western blotting. In Far-Western analysis, a “prey” protein (i.e. a GST-LOX protein) is separated by SDS-PAGE electrophoresis, transferred to a membrane and detected with a labeled or antibody-detectable “bait” protein, in our case hPL. During the blotting it is important to conserve or restore the native conformation of the studied proteins, as the denatured “prey” proteins might not be able to interact with the bait, or due to the altered denatured conformation, false-positive interactions might occur. Therefore, following the transfer of the proteins onto the membrane, we applied a renaturation step and incubated the membrane in decreasing concentration guanidinium-hydrochloride series. Briefly, equal volumes of purified GST-LOX169-417 fusion protein and GST alone as negative control was separated by SDS-PAGE, transferred onto a membrane, refolded, and incubated with hPL as bait. Using an anti-hPL antibody, we detected the PL bound to GST-LOX fusion protein. No hPL was detected in interaction with the negative control GST (Figure 16). We obtained the same result in three separate experiments. As a control, parallel membranes were stained with Coomassie Blue, to confirm the presence of both GST and GST-LOX on the membranes.




Figure 16. Far-Western analysis confirmed LOX-PL interaction.


Left panel - Far.Western blot with anti-hPL antibody. Right panel – Membrane stained with Coomassie Brilliant Blue for control.

Pull-down assay


We tested PL-LOX binding in GST pull-down assays. This method can be applied to confirm interactions between a probe and a known protein, where the probe protein contains a GST-tag that helps purification by affinity chromatography on glutathione beads. Therefore we captured equal amounts of GST-LOX169-417, GST-LOX349-417 and GST only as a negative control using Glutathione Sepharose 4B beads, and incubated the immobilized fusion proteins with purified hPL. Following removal of unbound proteins by washing the beads with 1x PBS, 2x Laemmli buffer was added, and equal amounts were resolved by SDS-PAGE. The bound hPL was detected using an anti-hPL antibody (NCL-PLp). As a positive control for immunodetection 1 μg of hPL was also resolved parallel with the samples. As Figure 17 demonstrates hPL was binding to GST-LOX169-417, containing the mature enzyme, and to GST-LOX349-417, containing the cytokine receptor-like domain of the protein, but not to GST alone.



Figure 17. GST pull-down of human placental lactogen.


The star indicates the correct molecular weight hPL bands. This data reveals the binding of hPL to the CRL domain (GST-LOX349-417) GST-fusion proteins but not to GST alone


However, this method had its limitations. We were not able to control the amount of GST proteins captured, as their binding efficiency to glutathione is different. In addition, we could not control the quantities of proteins loaded onto the lanes of the SDS-PAGE gels. Therefore we could only verify that hPL does bind to the mature enzyme and to the CRL domain, but we could not draw any conclusion regarding the possible differences in its binding affinity to the different LOX fragments.


Solid phase binding assays


To further confirm the interaction of LOX and PL and to determine an equilibrium dissociation constant (Kd) for this binding, we performed solid phase binding assays based on a previously described protocol [241]. The assay in principle is similar to radioreceptor assays developed to determine the binding affinity of a radiolabeled hormone to its receptor [242]. Equal amounts of the “receptor” protein were immobilized in the wells of an ELISA plate, and incubated with the “ligand” protein in a range of concentrations (0-2000nM or 0-5000nM). After removing the unbound “ligand”, the bound protein was incubated with the appropriate primary and a horseradish-peroxidase (HRP) conjugated secondary antibody. The bound ligand was detected by measuring the peroxidase activity of the HRP.


To narrow down the possible site of interaction within LOX, we chose to study the binding affinity of the different LOX deletion constructs to hPL. Repeated experiments showed that the construct containing the mature enzyme exhibits the strongest affinity to hPL. The deletion construct of the mature enzyme without the CRL domain showed slightly lower binding affinity, the construct containing the pro-region a significantly lower affinity, while the CRL domain alone the lowest binding affinity to hPL (Figure 18). However, we were not able to determine the Kd during these tests in the given range of concentrations.


Since PL is a member of the GH/PRL hormone family and shares sequence homology with both GH and PRL, we investigated whether LOX could bind to GH and PRL as well. Replicate experiments showed that GST-LOX bound to immobilized PL with the highest affinity (Kd 30-120 nM) (Figure 18). Compared to its affinity to PL, GST-LOX exhibited a slightly lower binding affinity to GH (Kd 180-344 nM) and significantly less affinity to PRL. The Kd value for the GST-LOX–PRL interaction could not be established within the concentration range tested, and there was only minimal interaction of GST-LOX with the BSA control.




Figure 18. Solid phase binding assays determining binding affinities.


A: GST-LOX deletion constructs and GST as a negative control were immobilized in ELISA plates, hPL was added in a range of concentrations and detected by an anti-hPL antibody in an enzyme-linked immunosorbent assay. B: In microplate wells coated with PL, GH, PRL, or negative control BSA, various concentrations of GST-LOX169-417 were incubated. Bound GST-LOX fusion protein was detected with an anti-GST antibody. Measurements were performed in triplicates in both experiments. Error bars, S.E.

Detection of PL and LOX expression in breast cancer tissues and cell lines


Our studies have previously demonstrated that the expression of LOX in the highly invasive and metastatic Hs578T and MDA-MB-231 breast cancer cell lines plays a role in their invasion and metastasis. In addition, we have shown that the active LOX induced a migratory/invasive behavior in the non-invasive and poorly metastatic breast cancer cell lines MCF-7 and T47D [3], and that in normal epithelial cells, overexpression of LOX triggered changes towards a mesenchymal, fibroblast-like phenotype [109]. PL expression, on the other hand, has not been previously investigated in these cell lines, even though the presence of the hormone has been detected in breast tumor samples at a high frequency [217]. First, we studied PL and LOX expression in breast tumor samples of tissue macroarrays using PL and LOX antibodies for immunofluorescent staining as proposed in Specific Aim 3. Briefly, the sections were deparaffinized, washed and incubated with the appropriate primary and secondary antibodies. The latter were conjugated with green (FITC) or red (Rhodamine) fluorescent dyes. Following mounting, confocal microscopy was used for capturing the immunofluorescent staining. Five of the six tumor samples we analyzed showed LOX expression, and three of these stained for PL as well. In these tumor samples, both LOX and PL were detected within and surrounding tumor cells of epithelial origin (Figure 19).
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Figure 19. Immunofluorescent staining of breast cancer tissue samples.

A: LOX staining is green, nuclear staining by propidium iodide is red. B: PL staining is red, nuclear staining is green. Both anti-LOX and anti-PL stainings show the intra- and pericellular localization of the proteins. Secondary antibodies only were used as negative controls.


Subsequently, in a search for an appropriate in vivo model to study the LOX-PL protein interaction, we tested if cultured breast cancer cell lines also expressed PL by Western blot analysis using total protein extracts from preconfluent culture media of cells grown under serum-free conditions for 2 days. As Figure 20 illustrates, PL is expressed in small quantities by T47D cells and in bigger quantities by the invasive and metastatic cell lines Hs578T and MDA-MB-231, the non-invasive/poorly metastatic MCF-7 cells. PL was detected as an approximately 42 kD band from cell culture media. This is consistent with the molecular weight of a previously described homodimer form of the hormone [195]. Total protein extracts from the cell medium of the PL-expressing choriocarcinoma cell line, JAR were used as positive control for the immunodetection. In addition, elevated levels of LOX mRNA expression has been previously reported in the malignant and invasive Hs578T and MDA-MB-231 cell lines compared to the less invasive MCF7 and T47D cells [3].




Figure 20. Expression of placental lactogen in human breast cancer cell lines.

PL was detected by Western blotting. It appears in a homodimer form of approximately 42 kD.


Demonstration of the native LOX-PL interaction


Based on the above results, we chose the Hs578T cell line expressing both LOX and PL for our further experiments to demonstrate native LOX-PL interactions in a cellular environment. Using the conditioned cell medium of invasive Hs578T cells, we performed co-immunoprecipitations (coIPs). The method is mostly used to identify interacting proteins and complexes in cell lysates. In principle, the protein of interest believed to participate in an interaction is precipitated using the appropriate antibody, and the interacting partner captured can be identified. Once the protein-complex of interest is bound to the specific antibody it can be removed from the solution by an antibody-binding protein or a secondary antibody attached to some sort of a solid support such as agarose beads. Upon the removal of unbound proteins by consecutive washes, the binding of the target protein can be confirmed by immunoblotting. Immunoprecipitation is generally used in cell lysates as it requires relatively high protein concentrations. As both LOX and PL are secreted into and LOX is also processed in the extracellular space, we needed to use cell medium instead of cell lysates. For this reason it was necessary to modify the method so as to enable us to detect protein interactions in the cell medium. We decided to use a 10 kD-cutoff filter to concentrate our conditioned cell medium (CCM) samples by centrifugation increasing their protein concentration this way.


In these trials we found that, using the anti-PL antibody, LOX could be co-immunoprecipitated with PL, verifying the interaction of these proteins in the medium of the breast cancer cells (Figure 21). However, we could not immunoprecipitate the LOX-PL complex using the LOX-antibody. We assume that interaction with PL might have interfered with the LOX epitope and hindered the binding of the anti-LOX antibody to the enzyme. The anti-LOX antibody was designed to recognize an epitope that resides within the N-terminal region of the mature LOX (amino acids 176-197), overlapping with the hypothetical PL-binding site within LOX (amino acids 169-348). We could exclude any aspecific interaction as the negative control purified rabbit immunoglobulin did not immunoprecipitate LOX.




Figure 21. Co-immunoprecipitation demonstrates LOX-PL interaction in cell culture.


LOX immunoprecipitated with the anti-PL antibody, but not with the negative control rabbit IgG. However, the protein could not be captured by the positive control anti-LOX antibody, possibly because binding of PL interfered with LOX’s epitope.


PL is neither a substrate nor a regulator of LOX

Following in vitro and in vivo verification of the LOX-PL interaction, we became interested in its nature, whether it is an enzyme-substrate or enzyme-regulator relation. To clarify if binding to PL inhibits LOX amine oxidase activity, we performed an enzyme activity assay with bLOX, purified from bovine aorta, that had been previously incubated with an equal or double molar amount of hPL. Bovine LOX, either alone or in the presence of PL, was incubated with 1,5-diaminopentane substrate and the H2O2 released during the oxidative reaction was measured using Amplex Red and horseradish peroxidase [243, 244].




Figure 22. Reaction scheme of lysyl oxidase enzyme activity assay.


The hydrogen peroxide released upon oxidative deamination of a LOX substrate can be quantified as in its presence, HRP converts Amplex Red into fluorescent resorufin.


The LOX-inhibitor BAPN was used as negative control in parallel experiments to determine enzyme activity of LOX, and parallel reactions were tested in the absence of the substrate as well. LOX activity was calculated as the increase in fluorescence above controls under BAPN inhibition. The results did not show any decrease or increase in LOX activity when in its PL-bound state, as compared with non-bound bovine LOX (Figure 23). The negative controls containing no substrate or the inhibitor BAPN show equally low levels of fluorescence, demonstrating that the fluorescence measured was due to the H2O2 release upon LOX’s enzymatic activity. Thus we concluded that binding to PL does not alter LOX’s catalytic activity, as it could be expected in an enzyme-regulator interaction.




Figure 23. Lysyl oxidase enzyme activity in the presence of hPL.


No loss of enzyme activity was observed when LOX was bound to hPL compared to the activity levels of LOX alone. Negative controls contained either no substrate (only H2O) or the specific inhibitor BAPN. Error bars represent Standard Error.

LOX has been reported to possess the ability to oxidize the lysyl residues of a secreted growth factor, basic fibroblast growth factor (bFGF) [93]. Hence we decided to test if LOX was able to oxidize lysyl residues of PL in vitro. Based on the experimental conditions previously described for bFGF [93], we used a range of concentrations of PL as substrate (0–1.8 µM). Purified bovine LOX was incubated with PL in the given range of concentrations and the quantity of H2O2 generated during the oxidative reaction was measured as described above. The results showed that PL was not oxidized at statistically significant levels (Figure 24) as no significant difference could be observed in emitted fluorescence and therefore in H2O2 release between the samples containing PL as substrate or H2O as a negative control. In addition, when compared to the previous activity assay in which the enzyme activity of PL-bound LOX was tested, it is clear that the fluorescence levels in this latter experiment are similar to those of the negative and BAPN-inhibited controls of the former. Based on this data, we concluded that in these in vitro assays, PL is not a substrate for LOX, completing Specific Aim 4.




Figure 24. Activity of LOX against hPL as a substrate.


LOX did not show enzymatic activity against hPL, as fluorescence levels are comparable to those of the negative controls containing either no substrate or the inhibitor BAPN. Error bars represent Standard Error.

Investigation of the biological role for LOX-PL binding


Generation of cell lines stably expressing LOX and/or PL


The findings revealing co-expression of LOX and PL in highly invasive and metastatic breast cancer cell lines inspired us to study the biological significance of this protein interaction in a cellular model, as outlined in Specific Aim 5. We chose to investigate the individual and combined effects of LOX and PL on cell phenotype and behavior by testing the proliferative and migratory characteristics of normal breast epithelial cells overexpressing or co-expressing the proteins.


We used MCF-10A immortalized normal breast epithelial cells as the parental cell line and generated stably transduced cell lines. We elected to use a lentiviral system to introduce our genes of interest into the MCF-10A cells because the lentiviral infections have the advantage of high-efficiency in delivering a target gene into both dividing and non-dividing cells, and long-term stable expression of a transgene. Replication-incompetent lentiviral particles, containing cDNA for PL-2 transcript variant 1 (771 bp) and the full length LOX (1254 bp) in a pLenti-based expression vector, were generated in HEK297FT cells. Following antibiotics-sensitivity tests, MCF-10A cells were infected with the lentiviruses, and stably transduced cells were selected using 5 μg/ml blasticidin. Individual clones were isolated, expanded in culture and characterized. Since we only had a single antibiotics selection-system available, verifying the expression of the proteins and this way the integration of both PL and LOX sequences in co-transduced cells was necessary. To confirm expression of PL and LOX in these cell lines, proteins were extracted from the conditioned cell medium of preconfluent cultures grown under serum-free conditions for 2 days, and submitted to immunoblot analysis.




Figure 25. Generation of cell lines expressing either or both of LOX and hPL.


Western blotting was used to determine the expression of the proteins in the isolated stable clones.


As Figure 25 demonstrates, two stably transduced clones showed elevated LOX (Figure 25A), four elevated PL expression (Figure 25B), and two clones co-expression of both proteins (Figure 25C). The parental MCF-10A cells do not express PL under normal conditions and show no detectable levels of LOX at preconfluent stage. In the cell medium of the stable PL-expressing clones, the hormone was predominantly present as a 21 kD monomer, however, the 42 kD homodimer form we observed previously in breast cancer cells was also present in small amounts. In our further experiments, clones PL cl1, LOX cl1 and PL-LOX cl1 were studied with the parental MCF-10A cell line as control, and the observations were confirmed with clones PL cl3, LOX cl3 and PL-LOX cl5 in repeated tests.


Increased cell proliferation rates in cells co-expressing PL and LOX

PL has been reported to promote mitogenesis and in vitro [3H]-thymidine incorporation in cultured fetal fibro- and myoblasts [200], and augment DNA synthesis in epithelial cells of human breast carcinoma [205]. Based on the above information we decided to test the effect of PL overexpression in stably transduced cell lines with particular interest on changes in proliferative attributes. Our proliferation assay was based on the use of methylene blue dye that stains the cells attached to the surface of microplate wells. Upon lysis of the cells the amount of the dye released was quantified by measuring the absorbance of the cell lysate. As a point of reference, cells were seeded in two parallel triplicates and following attachment and removal of the non-attached cells, one set of triplicates was stained with methylene blue and the “zero time point” absorbance was measured. The second set of triplicates were incubated for 72h, and stained with methylene blue. The rate of proliferation was calculated as the difference between the “zero time point” and the 72 h absorbance values. MCF-10A cells expressing PL alone had a significantly higher (49% increase, p≤0.0001) proliferation rate as compared to the parental MCF-10A cells in proliferation assays (Figure 26).




Figure 26. Proliferation assays revealed that PL expression induced MCF-10A cell proliferation, and PL-LOX co-expression further enhanced cell proliferation.


2,000 cells from each cell line were seeded in the wells of two parallel microwell plates. After 72 h of incubation, the measurement was performed on the second plate. Proliferation rate was calculated as the difference of the absorbance at 72 and 0 h. ***, p ≤ 0.0001. P values were calculated using pairwise t-tests. These results were confirmed in repeated experiments. Error bars represent Standard Error.

LOX has not yet been reported to influence cell proliferation in any cell types. In fact, LOX overexpression did not lead to a significant increase in proliferation of the LOX transduced cell lines compared to the control parental cell lines. We observed, however, that co-expression of LOX and PL resulted in a proliferation rate significantly higher than either the parental (121% increase, p≤0.0001) or the PL-expressing (47% increase, p≤0.0001) cell proliferation rate. These results suggested that the co-expression of LOX with PL enhances the proliferation-inducing effects of PL.


Co-expression of PL and LOX induces cell migration

Elevated LOX expression has been demonstrated to contribute to a migratory and invasive phenotype in breast cancer cell lines [4, 245]. Therefore, we tested if LOX overexpression in the stably transduced normal breast epithelial MCF-10A cells also resulted in migration, and investigated if LOX-PL co-expression had any effect on the migratory abilities of these cells. As a preliminary study, we chose to use phalloidin staining to visualize the actin cytoskeleton of our parental and transduced MCF-10A cells, as the possible rearrangement of the actin cytoskeleton would have enabled us to conclude if any changes toward a more migratory phenotype had occurred. Phalloidin is a toxin from Amanita phalloides, which binds actin, preventing its depolymerization, and therefore in a fluorophor-conjugated form it can be utilized to detect the cellular distribution of actin. The cells from each cell line were thus seeded on glass coverslips and grown until approximately 60% confluency. Upon fixation with formaldehyde, the cells were permealized, blocked in a BSA solution, and stained with fluorescence-conjugated phalloidin. High resolution images of the phalloidin-stained cytoskeleton were captured by confocal microscopy.


We have found the rearrangement of the actin cytoskeleton and the appearance of numerous, longer filopodia, in the PL and LOX expressing cell lines as well as in the PL-LOX co-expressing cell line compared to the parental MCF-10A cells (Figure 27) which had fewer and shorter filopodia.



Figure 27. PL and LOX expression in MCF-10A cells leads to rearrangement of the actin cytoskeleton.


The actin cytoskeleton in MCF-10A and stably transduced cells was stained with FITC-conjugated phalloidin. Expression and co-expression of PL and LOX resulted in actin cytoskeleton rearrangement and formation of numerous filopodia in transduced cells compared with parental MCF-10A. Scale bars, 10 μm. 

These cytoplasmic projections are characteristic of a migrating cell. The above alterations of the actin cytoskeleton indicated changes towards a migratory phenotype in the stably transduced cells. Subsequently, migratory properties of the cells were evaluated and quantified in cell migration assays.


With the cell migration assays, we investigated the ability of our transduced and parental cell lines to migrate through a polycarbonate filter coated with gelatin. Breast epithelial cells individually expressing PL or LOX did not show significantly different levels of migration compared to the parental MCF-10A cells. In contrast, the LOX-PL co-expressing cell line exhibited a strong migratory phenotype and had significantly higher migratory rates than the parental (240% increase, p=0.0038) or the LOX overexpressing (93.5% increase, p=0.0052) cell lines (Figure 28).



Figure 28. Migration assays used to determine migratory rates of parental and stably transduced cell lines.


50,000 cells were seeded on a gelatin-coated polycarbonate membrane in triplicates and were allowed to migrate for 4 h. The cells were then fixed, stained, and counted. PL-LOX co-expression led to a significantly higher migratory rate (240% increase) compared to the parental cell line MCF-10A. The expression of either PL or LOX alone did not significantly increase cell migration. Error bars represent Standard Error. **, p ≤ 0.005. *, p≤0,01.


These results were confirmed in three independent experiments, and similar data were obtained using the other overexpressing and co-expressing clones. These results indicated that LOX and PL co-expression, was capable of inducing a strong migratory phenotype in normal breast epithelial cells, while the overexpression of either LOX or PL alone had no such consequence. These data revealed that, unlike in non-invasive breast cancer cells, overexpression of LOX in normal breast epithelial cells does not have a migration and invasion promoting effect.


Discussion


In our previously performed yeast two-hybrid screens we have identified the pregnancy-specific hormone, placental lactogen as an interacting partner of lysyl oxidase. Although the yeast two-hybrid screening is a widely-used tool for identification of protein-protein interactions in a large scale, it holds the possibility of high percentage of false positives estimated by some to be up to 50% [246]. This can be due to many aspects of the screen as the overexpression and therefore the abundance of the studied proteins in yeast, the possibility of inaccurate posttranslational modifications of mammalian proteins in yeast, or expression of two proteins that would not be present in the same cell under physiological conditions can all result in false positive interactions. For this reason, it is necessary to confirm the yeast two-hybrid screen data by using other, more reliable methods as well.


In yeast two-hybrid screens, using the mature and the full-length enzyme as bait, we found a high representation of PL cDNAs among the LOX-binding positive clones (23% of clones for the mature and 35% for the full-length LOX form). Considering that PL mRNA accounts for only approximately 5% of the total placental mRNA produced at term [174], we could exclude that the high ratio of LOX-interacting PL clones present was due to the abundance of PL cDNA in our placental cDNA library.


Both PL isoforms hPL-2 and hPL-3 are expressed during pregnancy. In term placentas the hPL-2 transcripts have been found to be more abundant, possibly due to increased expression levels compared to that of hPL-3 [247]. Consistent with this observation the cDNA clones identified in our screen were all clones of PL-2 transcript variant 1. This variant encodes the most abundant PL-2 isoform that contains all five coding exons of the gene.


Supporting its specificity, the interaction was additionally confirmed in yeast direct interaction trials. We used these experiments not only to verify our yeast two-hybrid screen data but to define the possible PL-binding site within LOX. Initially, we hypothesized that LOX’s C-terminal cytokine receptor-like domain would contain the site of interaction as it shows homology to the N-terminal extracellular domain of the cytokine receptor superfamily. The consensus sequence C-x9-C-x-W-x26-32-C-x10-13-C (C - cystein, W - tryptophan, xn - a defined number of any amino acid) conserved in human LOX and LOXL proteins is the consensus sequence of the extracellular ligand-binding domain for many receptors for cytokines as well as prolactin and growth hormone [20, 248]. As human placental lactogen binds the class 1 cytokine receptors for both prolactin and growth hormone (PRLR and GHR, respectively) [219], the interaction of LOX’s CRL domain with hPL seemed likely. However, the CRL domain itself did not exhibit any binding affinity to hPL in our yeast direct interaction studies. Cytokine receptors contain two barrel-shaped domains within their extracellular region, the CRL domain within LOX however lacks the C-terminal barrel module as it has been revealed by amino acid sequence analysis [11]. It seemed possible that this truncated cytokine receptor domain of LOX was not sufficient for binding PL.


Like the CRL domain, the propeptide region of LOX had no detectable binding affinity to PL either. It was interesting to observe that while the CRL region did not interfere with the protein interaction, the presence of the propeptide proved to have a partial inhibitory effect on LOX-PL binding, as yeast containing the full length LOX (i.e. the mature LOX with the propeptide, LOX1-417) grew at a slower rate than yeast containing the mature enzyme lacking the propeptide (LOX169-417), indicating lower levels of reporter gene expression and thus a weaker protein interaction. On the other hand the presence of the propeptide in assays using deletion construct LOX1-348 did not influence the LOX-PL binding to a measurable extent.


These discrepancies of data obtained in different assays might be the result of improper folding and/or posttranscriptional processing of the mammalian proteins in yeast, a known drawback of the experimental system. Based on the yeast direct interaction data, the PL-interacting domain of LOX appears to be located between amino acids 169 and 348. However, further confirmation of these findings was needed, and no final conclusion could be drawn concerning the site of interaction based solely on these data. Since this interacting fragment of LOX includes a region highly homologous among the LOX family members, the so called LOX domain, we also investigated the interaction of PL with fragments of LOXL and LOXL2. In the yeast direct interaction studies, only LOXL2 showed binding to PL, but not LOXL. Interestingly, the enzymes binding PL, LOX and LOXL2 but not LOXL have both been implicated in tumorigenic processes, as detailed in the Lysyl oxidase in cancer section. Nevertheless, because of the above discussed drawbacks of the method, verification of this data was needed.


Following these studies, we decided to establish the nature of the LOX-PL interaction in in vitro experiments. For these trials we needed significant amounts of the purified LOX. Although the purified form is not commercially available, the enzyme can be isolated from many different tissues such as piglet skin, human placenta or bovine aorta as it has been reported previously [14, 15, 18]. Since protein isolation from tissues does not yield quantities sufficient for the proposed biochemical trials, we had to revise our strategy and find an alternate solution. We therefore chose to express LOX deletion constructs in E. coli fused with an N-terminal GST-tag that would enable rapid, affinity-based purification of the protein using solid carrier-bound glutathione. First, we attempted to isolate LOX fusion proteins in a soluble form These trials had their limitations, as we observed protein degradation that we were not able to eliminate and in addition, many of the LOX fusion constructs were present not in soluble form but in the inclusion body fractions. As successful production and purification of recombinant LOX proteins from E. coli expression systems had been reported, we decided to purify LOX from inclusion bodies based on methods described previously [69, 228]. We were able to generate significant amounts of GST-LOX following this protocol. To reconstitute the recombinant proteins we tried refolding them by dialysis against Cu2+-containing K2HPO4 buffer to ensure incorporation of the Cu2+-cofactor that is essential for proper folding and catalytic activity. While the protocol we adapted reportedly yielded active recombinant LOX [69, 228], we were not able to detect any enzymatic activity of our recombinants. Still the expressed LOX proteins seemed to be in a conformation similar to that of native LOX because they showed binding affinity to LOX substrates.


Having generated sufficient amounts of recombinant LOX and its deletion constructs, we proceeded with biochemical studies intended to characterize the LOX-PL binding. Our data validated the interaction in in vitro assays. Furthermore, information on the PL-binding site of LOX in pull-down and solid phase binding assays was obtained. We demonstrated that the CRL domain did have a binding affinity for PL (see GST-LOX349-417 in Figures 17 and 18A) that could not be detected in previous yeast direct interaction trials. In addition, solid phase binding data suggested that the CRL domain may participate in PL interactions, in concert with a more N-terminal binding site of LOX, since the presence of the CRL domain in the GST-LOX construct (GST-LOX169-417) significantly increased binding affinity to PL compared with the GST-LOX construct lacking this domain (GST_LOX169-348) (Figure 18A).

Our results also revealed that lysyl oxidase was able to bind not only hPL but the highly homologous hGH and the less homologous hPRL, additional members of the somatotropin/prolactin hormone family. Among their numerous biological roles, hGH and hPRL are required for normal mammary gland development [249]. Increasing evidence supports a role for both GH and PRL in breast cancer development as well [223, 250-252]. As no such interaction have been reported previously, further investigations are needed to reveal the biological significance of these hormone-enzyme interactions in physiological as well as pathological processes such as breast neoplasm formation.


Our in vitro activity assays intended to characterize the LOX-PL binding and shed light on the characteristics of this protein interaction. Binding affinity of LOX to PL proved to be two orders of magnitude lower than its affinity to the tropoelastin and type I collagen substrates of the enzyme as determined by Fogelgren et al. [55]. We have clarified that despite LOX’s ability to oxidize lysyl residues reported for the growth factor bFGF [93], the native enzyme does not oxidize any of the nine lysyl residues present in human placental lactogen as a substrate. Even though we conducted these trials using LOX isolated from bovine aorta, we hypothesize that human lysyl oxidase is acting in a similar manner, as bovine and human LOX share an overall amino acid sequence homology of approximately 89% with the catalytic domains showing the highest degree of homology and no substrate differences were noted between human and bovine LOX.


In addition, we have determined that binding to PL has neither an inhibitory nor a stimulatory effect on the enzyme activity towards cadaverine (1,5-diamino pentane) as substrate. Based on these results we assumed that the PL binding site is not overlapping with the enzyme’s catalytic site.


As both LOX and PL expression has been detected in breast cancer tissues by others [4, 217], we chose to test a tissue macroarray to evaluate their possible co-expression in tumor samples of mammary origin. Of the six tumor samples tested three showed co-expression of our proteins of interest that supported the previous findings. We demonstrated the presence of both proteins in breast cancer tissues, and we became interested in evaluating this binding in vivo and investigating the possible role of the LOX-PL interaction in breast cancer. Despite its involvement in breast tumors, PL expression and function has not yet been characterized in tumor cell lines of mammary origin. Therefore, we tested PL-expression in breast cancer cell lines, and found that the highly invasive and metastatic cells did express PL in addition to LOX. Moreover, we were able to verify the interaction in vivo by co-immunoprecipitation, and we were confident that the interaction can indeed occur in tissues. These results gave rise to our hypothesis that the in vivo LOX-PL binding might contribute to tumorigenic processes. To test our theory we chose to investigate if the overexpression of either or both LOX and PL had any effect on immortalized normal breast epithelial cells as breast carcinomas originate from the epithelium of the mammary gland.


Placental lactogen reportedly induces cell proliferation, but such effect has not been attributed to LOX. Thus, we decided to investigate if PL had similar effect in normal breast epithelium and if LOX would alter hPL’s such effect. Supporting previous data on hPL’s cell proliferation promoting function [200, 201, 206, 253], we observed significantly elevated proliferation rates as a result of PL overexpression in stably transduced normal breast epithelial cell lines. The molecular mechanism of how PL triggers cell proliferation remains to be elucidated. It is likely, however that the hormone exerts its effect via growth hormone or prolactin receptors. GHR and PRLR are present in normal mammary epithelium and breast cancer cells [254-258], and PL has been demonstrated to bind to both receptors [219]. Activation of GHR results in signal transduction via the JAK/Stat pathway, predominantly through JAK2/Stat5 activation, and leads to cell proliferation in MCF-10A cells [251]. On the other hand, hPL signaling via the GHR has not been reported so far. It is possible that hPL primarily acts by binding not the growth hormone but the prolactin receptor, as it has a higher affinity for the latter [219]. Activation of the PRL receptor stimulates JAK2/Stat5 signaling as well as MAPK and Src/FAK kinase cascade that ultimately induce proliferation as it has been previously demonstrated in breast cancer cell lines T47D and MCF7 [259]. A similar signaling pathway has been demonstrated for mouse PL (mPL)-I which upon binding PRLR activated JAK2-mediated proliferation in Nb2 cells [260]. Furthermore, PL was shown to stimulate tyrosine phosphorylation of JAK2 and induce the JAK-STAT pathway in breast carcinoma cells [261]. We suggest that the high rate of proliferation observed in PL-overexpressing cells is due to activation of these signaling pathways. Although LOX has been reported to activate Src/FAK signaling in a hydrogen-peroxide mediated fashion in breast cancer cell lines [4], no proliferation-inducing effect have been observed so far. On the contrary, previous studies have shown that genetic inhibition of LOX increases cell proliferation [262]. In addition, LOX is capable of reducing the mitogenic potential of bFGF by oxidizing it [93]. In our experiments, however, PL did not prove to be a substrate of the enzyme, and proliferation was not negatively affected by LOX, since the LOX-expressing clones did not show any change in cell proliferation compared to parental cells, and the cell lines stably co-expressing PL and LOX demonstrated a significant increase in proliferation compared not only to parental but to PL-expressing cell lines as well. Therefore we hypothesize that this increase was not due to separate effects of the proteins but a result of their interaction. The exact mechanism by which LOX-PL interaction may promote such processes remains to be investigated.


We evaluated the effects of LOX and/or PL overexpression on another significant cellular process, cell migration. As LOX promotes migration in breast carcinoma cell lines [3, 4] and murine breast tumors [151] via FAK/Src signaling, we hypothesized that it would have similar effects in normal breast epithelial cells. It is important to note that MCF-10A cells express LOX in cell culture [109], therefore these cells are capable of processing and activating the ectopic LOX. On the other hand, PL has not been implicated in cell migration so far, therefore we became interested if PL would modify LOX’s effect on the MCF-10A cells. Phenotypic changes were examined first by staining the actin cytoskeleton.  We expected to find altered filament organization as a hallmark of altered cell motility. We observed the rearrangement of the actin cytoskeleton and the formation of numerous filopodia in all stably transduced cell lines, including those that expressed PL only, compared to the parental cell line. Filopodia are cytoplasmic projections that extend from the leading edge of migrating cells, and are characteristic of growth cones involved in axon development and fibroblasts participating in wound healing. These findings prompted us to further investigate the migratory abilities of these cell lines.


Migration assays revealed, that although MCF-10A cells are able to process ectopic LOX, and overexpression of the enzyme leads to formation of filopodia, LOX was not sufficient to induce a migratory phenotype in normal cells unlike in the poorly invasive, nonmetastatic breast cancer cell line MCF7. We hypothesized that the effect of LOX may be moderated in normal MCF-10A cells or that LOX may have different function in normal breast epithelial and breast carcinoma cells. PL has not been implicated in cell migration so far, and our normal breast epithelial cells stably overexpressing PL did not exhibit any significant increase in their migratory abilities either. Previous findings demonstrated that activation of the prolactin receptor leads to membrane ruffling, cytoskeletal changes, and increased cell motility in breast cancer cell lines MCF7, MDA-MB231 and T47D cells [220]. In partial agreement with this study, we observed rearrangement of the actin cytoskeleton, although alterations in cell migration were not noted in our trials. The LOX and PL co-expressing cells on the other hand did show a significant increase in their motility compared to the PL or LOX overexpressing and the parental cell lines, in addition to cytoskeletal rearrangement and formation of numerous filopodia. Assuming that both LOX and PL acted through the FAK/Src signaling cascade and independently induced tyrosine phosphorylation and activation of FAK/Src, we would observe similar doubling of migratory rates in the co-expressing cell line. Yet neither LOX, nor PL alone induced a significant increase in cell migration, making the additivity of their effects unlikely. It is possible, however, that FAK/Src activation by PL via PRLR led to cytoskeletal changes that primed cells toward a motile phenotype, although it was not sufficient to induce cell migration. Additional FAK/Src activation by LOX therefore possibly contributed to the emergence of a more migratory phenotype. Furthermore, it is also possible that LOX-PL interaction enhanced signaling to an extent where it was sufficient to induce cell motility in normal epithelial cells. The exact mechanism by which the LOX-PL interaction triggers highly migratory phenotype is to be evaluated in further studies.


Co-expression of LOX and PL occurs in Hs578T and MDA-MB231 breast cancer cell lines, where they likely contribute to their highly invasive and metastatic phenotype. LOX and PL are co-expressed in the choriocarcinoma cell line JAR as well, that is also migratory and invasive [263]. Furthermore, under physiological conditions, PL and LOX are both expressed by placental trophoblasts, and may possibly contribute to the trophoblast invasion. Similarities of trophoblast and cancer cells have been emphasized by recent research results. Although the placenta is a normal tissue, its trophoblastic cells have been described as pseudo-malignant cells because they exhibit high cell proliferation, lack of cell-contact inhibition, migratory and invasive properties as well as capacity to escape effectors of the immune system, especially during the first trimester of pregnancy. The emerging hypothesis is that trophoblastic and cancer cells use comparable mechanisms and similar molecular mechanisms in their proliferative, migratory and invasive processes. The PL-LOX interaction may possibly be a member of the molecular circuits shared by “pseudo-malignant” invasive trophoblasts and invasive breast cancer cells. Therefore, the comparison of signaling pathways in placental trophoblasts and tumor cells is essential to reveal the signaling cascades and key molecules implicated in the invasion and migration processes.


Our results collectively demonstrate an important role for the LOX amine oxidase in epithelial cell behavior in novel interactions with a somatotropin/prolactin hormone family member, placental lactogen, and show that these interactions may be highly relevant to the transition of epithelial cells toward a migratory phenotype during the development and progression of breast carcinoma.


Summary

Introduction


Breast cancer is the most common cancer among women, as it is diagnosed in 1x106 women in the world each year. The incidence of breast tumor development in women differs with age, mammary gland mass and exposure to endogenous and exogenous hormones. However, the function, molecular regulation, and interaction of genetic alterations in carcinogenesis, as well as those of tumor cell migration and invasion, and metastasis of breast carcinomas are not fully understood. As metastasis is a major challenge in cancer treatment, determination of molecular markers of metastatic potential and therefore understanding the process of metastatic tumor progression are important. Recently, comprehensive transcriptome profiling of normal breast, noninvasive breast tumor and invasive breast cancer cell lines identified lysyl oxidase (LOX) as a possible marker gene based on its differential expression. In addition, upregulated LOX expression and activity have been reported in breast cancer tissues and invasive/metastatic breast cancer cell lines as well.


Lysyl oxidase (LOX), a copper-dependent amine oxidase, contributes to the assembly and maintenance of the extracellular matrix (ECM) by initiating the formation of covalent cross-links in collagen and elastin. Besides its matrix-stabilizing function, LOX has recently been shown to play a role in cell motility, transcriptional regulation, embryonic development and several pathological conditions including breast cancer. Lysyl oxidase has been primarily recognized as a matrix-crosslinking enzyme; hence regulators and interacting factors contributing to its novel role in breast cancer development and progression are yet to be discovered. The goal of this work was to identify novel LOX-interacting partners that likely promote its function during tumorigenesis, and to characterize such interactions and evaluate their biological significance.


A previously performed yeast two-hybrid screen using a human placental cDNA library and both full-length and processed active form of LOX as baits identified placental lactogen (PL) as a possible interacting partner. PL, a member of the growth hormone (GH)-prolactin (PRL) hormone family, stimulates mammary gland development, lactogenesis and the growth and metabolism of the fetus. PL is expressed in the placental syncytiotrophoblasts under normal conditions, but its expression was shown in 77% of invasive ductal carcinomas, and the amplification of the PL genes has been reported in 22% of the cases. While PL was reported to promote epithelial cell proliferation in breast carcinomas, its role in breast tumors is not fully understood.

Specific aims


Upon the identification of a novel LOX-interacting partner, placental lactogen that likely promote LOX’s function during tumorigenesis, the goal of this work was to characterize such interactions in vitro and in vivo and evaluate their biological significance.


Methods


E tanulmány során a korábbi élesztő két-hibrid vizsgálataink által kimutatott lizil oxidáz-placentális laktogén fehérjekölcsönhatást igazoltuk és jellemeztük. A biokémiai analízishez rekombináns GST-LOX deléciós konstruktumokat klónoztunk, majd a fúziós fehérjéket Escherichia coliban termeltettük és tisztítottuk. Az élesztő direkt kölcsönhatás-vizsgálatok, a szilárd fázisú kötési vizsgálatok és a pull-down kísérletek igazolták a LOX-PL kölcsönhatást in vitro, illetve a kötési affinitás is meghatározásra került. Enzim aktivitási mérésekkel teszteltük az interakció hatását a LOX katalitikus működésére. A fehérjék expresszióját immunfluoreszncenciával határoztuk meg egy konfokális mikroszkóp segítségével emlőrák eredetű szövetmetszetekben. Western blot analízissel teszteltük a fehérjék expresszióját emlőrák sejtvonalakban, az in vivo kölcsönhatást koimmunoprecipitációval vizsgáltuk. Immortalizált, normál emlő epitelium eredetű sejtvonalakat lentivirális vektorokkal transzdukáltunk, ezzel a LOX és/vagy a PL túltermelésére késztetve őket. Ezt követően a LOX és a PL túltermelésének egyedi és együttes, a sejtek viselkedésére gyakorolt hatását analizáltuk ezen sejtvonalakon. A proliferatív eltéréseket proliferációs tesztekkel, a motilitásbeli eltéréseket először az aktin citoszkeleton lehetséges átrendeződését feltáró falloidin festéssel, majd migrációs esszékkel tanulmányoztuk.


Results


Results from our direct interaction studies, pull-down assay, Far-Western analysis and solid phase binding assays supported LOX binding to PL and suggested binding to GH and PRL as well. In addition, in vitro amine oxidase activity assays showed that PL is neither a substrate nor an inhibitor of LOX. Since increased expression and enzyme activity of LOX have been reported in highly invasive and metastatic breast cancer cell lines as well as in metastatic breast tumors, and PL has been shown to be expressed in breast carcinomas, we tested their expression in tissue sections of mammary carcinomas and breast cancer cell lines. Using fluorescence-labeled immunostaining on a tissue macroarray, we detected LOX and PL expression in and around tumor cells. Subsequently, we tested protein expression of breast cancer cell lines, and found elevated PL expression in highly invasive MDA-MB231 and Hs578T cell lines, where LOX expression was also increased. Furthermore, we showed PL expression in poorly invasive MCF-7 and T47D cells at elevated and low levels, respectively. Since the highly invasive and metastatic breast cancer cell lines express both PL and LOX, we decided to study their individual and combined effects on cell behavior by overexpressing and co-expressing these proteins in immortalized normal breast epithelial cells. LOX plays a role in promoting cell migration, while PL was shown to induce cell proliferation, thus we tested these processes. Stably transduced MCF-10A normal mammary epithelial cells co-expressing PL and LOX had significantly increased proliferation rates compared to the parental and the PL-expressing cells, while LOX alone had no effect on proliferation. Therefore, the co-expression of LOX with PL appears to enhance the proliferation-inducing effect of PL. Co-expressing cells in addition showed a significantly higher migratory rate compared to cells expressing either or none of these proteins. Our results demonstrated that LOX, in addition to promoting tumor cell invasion through a H2O2-induced FAK/Src activation that we have described earlier [3], may further induce tumor cell migration in interaction with PL by activating independent signaling.

Összefoglaló

Bevezetés


Az emlőrák a nők körében leggyakrabban előfordulő rákos megbetegedés, évente 1x106 nőt diagnosztizálnak világszerte mellrákkal. Az emlődaganatok kialakulásának kockázata a nőkben az életkortól, az emlőmirigy tömegétől és endo- illetve exogén hormonhatásoktól függően eltérő lehet. Ugyanakkor a tumorigenezist kiváltó, genetikai változásokból eredő  molekuláris mechanizmusok, kölcsönhatások és azok regulációja, illetve a tumorsejtek migrációjának, inváziójának valamint a karcinómák áttétképződésének pontos molekuláris folyamatai még nem tisztázottak. Mivel az áttétek keletkezése a rák gyógykezelésében komoly kihívást jelent, a metasztatikus képességet jelző molekuláris markerek azonosítása és az áttétes tumorképződés folyamatának megértése kiemelkedő fontosságú.


A közelmúltban egy normál, non-invazív emlő tumor és invazív emlőrák sejtvonalakon végzett, átfogó transzkriptóma-elemzés során a lizil oxidázt (LOX) eltérő expressziója alapján potenciális  marker génként azonosították. Ezen felül a LOX emelkedett expresszióját és enzimaktivitását figyelték meg mellrák szövetekben és invazív/metasztatikus emlőrák sejtvonalakban. A lizil oxidáz (LOX), egy extracelluláris amin oxidáz, ami a kollagén és elasztin keresztkötésének első enzimatikus lépését katalizálja. A LOX tehát fontos szerepet tölt be az extracelluláris mátrix (ECM) kialakulásában, szerkezetének fenntartásában, ezáltal a normális kötőszöveti működésben, az embrionális fejlődésben és a sebgyógyulásban. A lizil oxidáz fő ismert funkciója az extracelluláris mátrix komponenseinek keresztkötése, így azon szabályozó és kölcsönható faktorok, melyek hozzájárulnak az enzim újonnan leírt, mellrákban betöltött funkciójához, még felderítésre várnak.


Korábbi élesztő két-hibrid szűréseink a lizil oxidáz és a terhesség-specifikus hormon, a placentális laktogén (PL) interakcióját mutatták ki. PL a szomatotropin-prolaktin hormoncsalád tagja, mely normál körülmények között a placenta szinciciotrofoblasztjaiban termelődik, és a laktogenezisben valamint a magzat növekedésében és fejlődésében játszik szerepet. A növekedési hormonhoz és a prolaktinhoz hasonlóan a placentális laktogén expresszióját is leírták már emlő eredetű tumorokban. Ugyanakkor a tumorképződésben betöltött szerepe, hasonlóan a LOX-PL kölcsönhatás szerepe ezekben a folyamatokban még tisztázásra vár.


Célkitűzés


A kutatás célja a lizil oxidáz, a fent említett patológiás folyamatokban potenciálisan közreműködő szubsztrátjainak és regulátorainak élesztő két-hibrid szűréssel történt azonosítása után, a fehérje-kölcsönhatások kísérletes igazolása, valamint ezen interakciók biokémiai jellemzése, biológiai szerepük elemzése normál és patológiás folyamatokban.


Módszerek


E tanulmány során a korábbi élesztő két-hibrid vizsgálataink által kimutatott lizil oxidáz-placentális laktogén fehérjekölcsönhatást igazoltuk és jellemeztük. A biokémiai analízishez rekombináns GST-LOX deléciós konstruktumokat klónoztunk, majd a fúziós fehérjéket Escherichia coliban termeltettük és tisztítottuk. Az élesztő direkt kölcsönhatás-vizsgálatok, a szilárd fázisú kötési vizsgálatok és a pull-down kísérletek igazolták a LOX-PL kölcsönhatást in vitro, illetve a kötési affinitás is meghatározásra került. Enzim aktivitási mérésekkel teszteltük az interakció hatását a LOX katalitikus működésére. A fehérjék expresszióját immunfluoreszncenciával határoztuk meg egy konfokális mikroszkóp segítségével emlőrák eredetű szövetmetszetekben. Western blot analízissel teszteltük a fehérjék expresszióját emlőrák sejtvonalakban, az in vivo kölcsönhatást koimmunoprecipitációval vizsgáltuk. Immortalizált, normál emlő epitelium eredetű sejtvonalakat lentivirális vektorokkal transzdukáltunk, ezzel a LOX és/vagy a PL túltermelésére késztetve őket. Ezt követően a LOX és a PL túltermelésének egyedi és együttes, a sejtek viselkedésére gyakorolt hatását analizáltuk ezen sejtvonalakon. A proliferatív eltéréseket proliferációs tesztekkel, a motilitásbeli eltéréseket először az aktin citoszkeleton lehetséges átrendeződését feltáró falloidin festéssel, majd migrációs esszékkel tanulmányoztuk.

Eredmények


A LOX és a PL kölcsönhatását az élesztő két-hibrid szűrések után in vitro módszerekkel igazoltuk, és a LOX fehérjén belül a PL-kötő helyet a 169-348 aminosav rágióra szűkítettük le. Ugyanakkor valószínű, hogy a kötés stabilizálásában a LOX citokin receptor-szerű (CRL), C terminális  doménje is szerpet játszik. Emellett megállapítottuk a fehérjék kötődésének affinitását (Kd = 30-120nM), mely két nagyságrenddel bizonyult alacsonyabbnak az enzim szubsztrátjai felé mutatott affinitásánál. Az irodalmi adatokkal összhangban a két fehérje expresszióját igazoltuk mind mellrák szövetmintákban, mind emlőrák eredetű sejtvonalakban. Azt találtuk, hogy az invazív és erősen metasztatikus emlőrák sejtvonalak nemcsak a lizil oxidázt, hanem a placentális laktogént is emelkedett szinten termelik. Az egyik ilyen rákos sejtvonalban végzett koimmunoprecipitációval bizonyítottuk in vivo interakciójukat is. 


Mivel az erősen invazív és metasztaikus sejtvonalakban mindkét fehérje termelődik, úgy döntöttünk, megvizsgáljuk azok a sejtek viselkedésére gyakorolt egyedi és együttes túltermelésének hatását normál emlő epiteliális sejtekben.


MCF-10A normál emlő epiteliális sejteket lentivirális vektorokkal transzdukáltunk, hogy stabilan expresszálják a LOX enzimet és/vagy a Pl hormont. A LOX szerepet játszik a sejtvándorlás folyamataiban, míg a PL egyik funkciója a sejtosztódás indukciója; ezért tehát ezen sejtes folyamatok vizsgálatát végeztük. A PL-t és LOX-ot stabilan túltermelő normál emlő epiteliális MCF-10A sejtek emelkedett osztódási rátát mutattak a parentális és a csak PL-t termelő MCF-10A sejtvonalakhoz képest. A LOX túltermelés önmagában nem volt semmilyen detektálható hatással a sejtosztódási rátákra. A LOX koexpressziója a PL-nel tehát úgy tűnik, felerősíti a PL által indukált sejtosztódást. 


A koexpresszáló sejtek ezen felül szignifikánsan magasabb migrációs szinteket is mutattak, mint a parentális vagy csak az egyik fehérjét termelő MCF-10A sejtek. Érdekes módon a LOX túltermelése a normál emlő epitheliális sejtekben önmagában nem volt elegendő egy jobban migráló fenotípus kialakításáshoz, ellentétben a kevéssé invazív MCF-7 mellrák eredetű sejtvonalakban kifejtett ilyen irányú hatásával.


Eredményeink tehát demonstrálták, hogy a lizil oxidáz a tumorsejtek migrációját a már általunk korábban leírt, H2O2-indukált FAK/Src jelátviteli útvonal serkentése mellett, a placentális laktogénnel való kölcsönhatása révén, más független jelátviteli útvonalakon keresztül is elősegítheti.
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